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ADVERTISEMENT

The Committee appointed by the Royal Society to direct the publication of the

Philosophical Transactions
,
take this opportunity to acquaint the Public, that it

fully appears, as well from the council-books and journals of the Society, as

from repeated declarations which have been made in several former Transactions
,

that the printing of them was always, from time to time, the single act of the

respective Secretaries, till the Forty-seventh Volume : the Society, as a Body,

never interesting themselves any further in their publication, than by occa-

sionally recommending the revival of them to some of their Secretaries, when,

from the particular circumstances of their affairs, the Transactions had happened

for any length of time to be intermitted. And this seems principally to have

been done with a view to satisfy the Public, that their usual meetings were then

continued, for the improvement of knowledge, and benefit of mankind, the great

ends of their first institution by the Royal Charters, and which they have ever

since steadily pursued.

But the Society being of late years greatly enlarged, and their communica-

tions more numerous, it was thought advisable that a Committee of their mem-

bers should be appointed, to reconsider the papers read before them, and select

out* of them such as they should judge most proper for publication in the future

Transactions

;

which was accordingly done upon the 26th of March 1752. And

the grounds of their choice are, and will continue to be, the importance and

singularity of the subjects, or the advantageous manner of treating them
;
with-

out pretending to answer for the certainty of the facts, or propriety of the rea-

sonings, contained in the several papers so published, which must still rest on

the credit or judgment of their respective authors.

It is likewise necessary on this occasion to remark, that it is an established

rule of the Society, to which they will always adhere, never to give their opinion,
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as a Body, upon any subject, either of Nature or Art, that comes before them.

And therefore the thanks, which are frequently proposed from the Chair, to be

given to the authors of such papers as are read at their accustomed meetings, or

to the persons through whose hands they received them, are to be considered in

no other light than as a matter of civility, in return for the respect shown to the

Society by those communications. The like also is to be said with regard to the

several projects, inventions, and curiosities of various kinds, which are often ex-

hibited to the Society ; the authors whereof, or those who exhibit them, fre-

quently take the liberty to report and even to certify in the public newspapers,

that they have met with the highest applause and approbation. And therefore

it is hoped that no regard will hereafter be paid to such reports and public

notices ;
which in some instances have been too lightly credited, to the disho-

nour of the Society.



ADVERTISEMENT.

Since the appearance of the Papers relating to the Paramatta Observations,

which were published at the request and at the expense of the Colonial Office,

and appended to the Philosophical Transactions, it has appeared that some of

the Observations communicated by Mr. Rumker were made by that gentleman

while he was the paid assistant of Sir Thomas Brisbane, at an Observatory

founded by Sir Thomas Brisbane, and with his instruments
; and that some

others were actually made by Sir Thomas Brisbane himself.
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The President and Council of the Royal Society adjudged the

Royal Medals for the year 1829 as follows :

A Royal Medal to Charles Bell, Esq. Fellow of the Royal Society, for his

Discoveries relating to the Nervous System.

A Royal Medal to Professor Eilert Mitscherlich of Berlin, Foreign

Member of the Royal Society, for his Discoveries relating to the Laws of

Crystallization, and the Properties of Crystals.
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PHILOSOPHICAL TRANSACTIONS

I. The Bakerian Lecture.—On the manufacture of Glass for optical purposes.

By Michael Faraday, Esq. F.R.S. 8$c.

Read November 19, December 3 and 10, 1829.

Introduction.

Perfect as is the manufacture of glass for all ordinary purposes, and

extensive the scale upon which its production is carried on, yet there is scarcely

any artificial substance in which it is so difficult to unite what is required to

satisfy the wants of science. Its general transparency, hardness, unchangeable

nature,and varied refractiveand dispersive powers, render glass a most important

agent in the hands of the philosopher engaged in investigating the nature and

properties of light ; but when he desires to apply it, according to the laws he

has discovered, in the construction of perfect instruments, and especially of the

achromatic telescope, it is found liable to certain imperfections, not essentially

existing, but almost always involved during its preparation, and fatal to its use.

These are so important and so difficult to avoid, that science is frequently

stopped in her progress by them ; a fact fully proved by the circumstance that

Mr. Dollond, one of our first opticians, has not been able to obtain a disc of

flint glass four inches and a half in diameter, fit for a telescope, within the last

five years, or a similar disc of five inches in diameter within the last ten years.

It must be well known to the scientific world, that these difficulties have in-

duced some persons to labour hard and earnestly for years together, in hopes of

surmounting them. Guinand was one of these : his means were small, but he

deserves the more honour for his perseverance and his success. He com-

menced the investigation about the year 1784, and died engaged in it in the

MDCCCXXX. B



2 MR. FARADAY ON THE

year 1823. Fraunhofer laboured hard at the solution of the same practical

problem. He was a man of profound science, and had all the advantages ari-

sing from extensive means and information, both in himself and others. He
laboured in the glass-house, the work-shop, and the study, pursuing without

deviation the great object he had in view, until science was deprived of him

also by death. Both these men, according to the best evidence we can obtain,

have produced and left some perfect glass in large pieces : but whether it is

that the knowledge they acquired was altogether practical and personal, a mat-

ter of minute experience, and not of a nature to be communicated
; or whether

other circumstances were connected with it,—it is certain that the public are not

in possession of any instruction, relative to the method of making a homogeneous

glass fit for optical purposes, beyond what was possessed before their time ; and

in this country it seems doubtful whether they ever attained a method of

making such glass with certainty and at pleasure, or have left any satisfactory

instructions on the subject behind them.

The philosophical deficiencies referred to above, induced the President and

Council of the Royal Society in 1824, to appoint a Committee for the improve-

ment of glass for optical purposes, consisting of Fellows of the Royal Societyand

Members of the then Board of Longitude. The Government on being applied

to, not only removed the restrictions to experiments on glass, occasioned by the

Excise laws and regulations, but undertook to bear all the expenses of furnaces,

materials, and labour, as long as the investigations offered a reasonable hope of

success. In consequence of these facilities, a small glass-furnace was erected in

1825, and many experiments both upon a large and small scale were made with

flint and other glasses. During their continuance, Messrs. Green and Pellatt

gave every instruction and assistance in their power, and evinced the most

earnest desire for success. The researches, however, soon showed themselves to

be a work of labour, which, to be successful, would require to be pursued

unremittingly for a long period; and on May 5, 1825, a sub-committee was

appointed, to whom the direct superintendence and performance of experiments

were entrusted. This committee consisted of Mr. Herschel, Mr. Dollond,

and myself ; but in March 1829 was reduced to two, by the retirement of Mr.

Herschel, who about that period went to the continent. From the respective

pursuits of the three persons appointed upon this committee it may be easily
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gathered^ that though all were to do what they could in every way for the general

good of the cause in which they were jointly engaged, yet a distinction in the

duties of each existed. It was my business to investigate particularly the

chemical part of the inquiry ; Mr. Dollond was to work and try the glass, and

ascertain practically its good or bad qualities ; whilst Mr. Herschel was to

examine its physical properties, reason respecting their influence and utility,

and make his competent mind bear upon every part of the inquiry.

The experimental glass-house was erected on a part of the premises of Messrs.

Green and Pellatt, at the Falcon Glass-works
;
whilst my duties as Director

of the Laboratory of the Royal Institution, required my presence almost con-

stantly at the latter place, nearly three miles from the former. As I found it

impossible under these circumstances to make the numerous experiments and

pay that close attention which appeared essentially necessary to produce any

degree of success, the President and Council of the Royal Society applied to

the President and Managers of the Royal Institution, for leave to erect on their

premises an experimental room, with a furnace, for the purpose of continuing

the investigation. They were guided in this by the desire which the Royal

Institution has always evinced to assist in the advancement of science
; and the

readiness with which the application was granted, showed that no mistaken

notion had been formed in this respect. As a member of both bodies, I felt

much anxiety that the investigation should be successful. A room and furnaces

were built at the Royal Institution in September 1827, and an assistant was

engaged, Sergeant Anderson of the Royal Artillery, whose steady and intelli-

gent care has been of the greatest service to me in the experiments that have

been proceeding constantly from that time to the present. At first, the inquiry

was pursued principally as related to flint and crown glass ; but in September

1828 it was directed exclusively to the preparation and perfection of peculiar

heavy and fusible glasses, from which time to the present continual progress

has been made.

I have thought it right to give this brief explanatory statement of the manner

in which it has happened to become my duty, on the present occasion, to give an

account of what has been done in the improvement of glass for optical purposes

by the Committee of the Royal Society, working at the Royal Institution. I

would willingly have deferred this account until the inquiry were more com-

b 2



4 MR. FARADAY ON THE

plete than at present ;
for though glass has been made, and telescopes manufac-

tured, yet I have no doubt that much more of improvement will be effected.

It may be said that a long time has elapsed since the experiments were first

instituted ;
and that if any thing could be done, it should have been effected in

so long a period. But be it remembered, that it is not a mere analysis,

or even the developement of philosophical reasoning, that is required: it is

the solution of difficulties, which, as in the cases of Guinand and Fraunhofer,

required many years of a practical life to effect, if it was ever effected. It is the

foundation and developement of a manufacturing process, not in principle only,

but through all the difficulties of practice, until it is competent to give con-

stant success : and I may be allowed to plead the acknowledged difficulty and

importance of the subject as a reason, both why it may not yet have obtained

perfection, and why it should still be pursued.

My wish, however, to delay the account of the researches until I could

have carried the experiments further, is overcome by the conviction that much

more time must be expected to elapse before I shall consider the investigation

finished
; by the consideration that a decided step has been made in the manu-

facture of glass for optical purposes; and by the feeling that the Royal Society

which instituted, and the Government which defrays the expenses of the experi-

ments, have a right to an official account of the present state of the investigation.

Although much useful information has been obtained respecting flint and other

glasses, yet as that train of research is very imperfect, uncertain, and will pro-

bably he resumed, I shall confine my present statement altogether to the heavy

optical glass already referred to. It will be impossible for me to describe all

that has been done on this subject ; but I shall endeavour to give such an ac-

count of the glass, and the process by which it is obtained in a homogeneous state,

as shall enable other persons to do what has been done at the Royal Institution,

without incurring the laborious prefatory experiments and investigations which

we have had to undertake
;
only introducing so much of the latter, and the princi-

ples of the process, as are necessary to make the descriptions clear to a practical

man,and enable hiinto avoid those circumstances whichmightotherwise occasion

failure. That the paper may appear long and tedious I am aware ; but it should

b< remembered, that it can have no other utility than as containing efficient

instructions to the few who may desire to manufacture optical glass ; and that
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to render whatever of this character it may have, imperfect, for the sake of

giving to it a more abbreviated and popular form, would have been doing

injustice to the objects and motives of those who have instituted and supported

the experiments.

§ 1. Process of Manufacture, 8$c. 8$c.

1 . The general properties of transparency, hardness, and a certain degree of

refractive and dispersive power, which render glass so valuable as an optical

agent, are easily obtained : but there is one condition essential in all delicate

cases of its application, which is not so readily fulfilled ; this is, a perfectly ho-

mogeneous composition and structure. Although every part of the glass may

in itself be as good as possible, yet without this condition they do not act in

uniformity with each other ; the rays of light are deflected from the course

which they ought to pursue, and the piece of glass becomes useless. The

streaks, striae, veins or tails, which are seen within glass otherwise perfectly

good, result from a want of this equality ; they are visible only because they

bend the rays of light which pass through them from their rectilinear course,

and are constituted of a glass having either a greater or a smaller refractive

power than the neighbouring parts.

2. When these irregularities are so powerful as to render their effects ob-

servable by the naked eye, it may easily be supposed to what an injurious ex-

tent their influence must extend in the construction of telescopes and other

instruments of a similar nature, where these faults are not only magnified

many times, but where the effect is to give an equally magnified erroneous re-

presentation of the object looked at, when the very point to be attained is to

examine that object with the utmost accuracy ; and it is accordingly found

that these striae are the most fatal faults of glass intended for optical purposes.

Besides this, not only do the striae themselves occasion harm, but there is every

reason to believe that they rarely occur in glass otherwise homogeneous. Some-

times, it is true, a grain of sand, in passing through and at the same time

dissolving in glass, will give a streak of different composition to the rest of the

substance ; and at others, a bubble ascending may lift a line of heavy or more

refractive matter into a lighter and less refractive portion above. But very

often, and especially as glass is usually manufactured and collected for use,



f) MR. FARADAY ON THE

striae are merely the lines or planes where two different kinds of glass approxi-

mate ; and even if the striae could be covered so as to produce no bad effect,

yet the other parts, not being in every respect alike, would exert an unequal

action on light, and the piece be therefore improper for the construction of a

telescope. Many a disc, which upon the most careful examination has ap-

peared perfectly free from striae and quite uniform, has, when worked into an

object-glass, been found incapable of giving a good image, on account of the

existence of irregularities in the mass, which, though not sudden or strong

enough to occasion striae, still produce a confused effect ; and if this happens

with glass approaching so near to perfection, it happens still more frequently

and to a much stronger degree with such as contain visible irregularities.

3. It must not be imagined that striae, or those fainter differences, are,

according to an expression sometimes used, due to impurity. The glass,

cither of the streak or of the neighbouring parts, would be equally good for

optical purposes were it all alike. It is the irregularity that constitutes the

fault ; and hence, in this respect, a particular composition is of very little im-

portance. As glass is always the result of a mixture of materials having dif-

ferent refractive and dispersive powers, it is evident that striae must exist at one

period during its preparation
; and the point required is not so much to seek

for a difference of composition, or for those proportions which are found by

analysis to exist in specimens of tried and acknowledged good glass ; as to

devise and perfect a process by which the striae period should be passed over

before the glass is finished, and the formation of fresh striae be prevented.

4. Besides these, there are other faults in glass. Sometimes it is said to be

wavy, when it has the appearance of waves within its mass ; but this is only

a variety of that irregularity which has just been explained as constituting,

when in a stronger degree, streaks and striae. Occasionally appearances are

observed in it, which seem to indicate a peculiar structure or crystallization,

or an irregular tension of its parts : these, there is every reason to believe, may

be avoided by careful annealing. Again: the glass sometimes includes bub-

bles, which, when small and numerous, render it what is called seedy. Bub-

bles are not usually considered as of much consequence to the performance of

the glass, but objectionable only because of their appearance when the glass

is looked at, rather than when looked through. They each act like a very
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powerful but very small double convex lens of a rare substance in a very dense

medium, or as equally deep double concave lenses of glass would do in air

;

they rapidly, therefore, turn the rays impingeing on them on one side, and

occasion a loss of light, just as so many opaque spots would do. But as even

when numerous their united area may amount to only a very small propor-

tion of the area of the plate of glass required for a telescope, this loss of light

is usually of but little consequence. In practice, it is said that no other real

evil than such loss of light is dependent on them.

5. Of all these faults, that of the irregularity constituting streaks, strise, and

waves, is the most difficult to avoid, and the most injurious in its effect. It is

not an improvement only beyond what is ordinarily done in this respect that

is required, but absolute perfection, a homogeneity equal to that of pure

water. In the two kinds of glass required to render a telescope achromatic,

namely, crown or plate glass, and flint glass, it is the latter which is obtained

perfect with the greatest difficulty, and to which therefore the greatest atten-

tion has been paid. The reason of this will be evident, if the general compo-

sition of the two glasses be taken into account. The required difference be-

tween them in refractive and dispersive power is found to be at command, by

attention to composition; and it has been also ascertained, that crown and plate

glass answer exceedingly well for the one variety, and flint glass for the other.

Crown glass consists of silica, lime, oxide of iron, sometimes a little alkali, and

small quantities of other matters: these substances are not very different in their

refractive powers, and when fused do not produce very strong streaks, even

though a little difference in the composition of different parts of the glass may

exist. The glass also is not a very powerful fluxing agent upon the crucible in

which it is melted
;
so that although it is in contact with it in a fluid and heat-

ed state for many hours, it does not dissolve much from it; and what it does

dissolve having a refractive power little different from that of the glass itself,

proportionately less harm is occasioned. Again: the specific gravity of the dif-

ferent materials used is not veiy different ; so that the mixing agencies which

affect the contents of the pot,—such as the ascent of bubbles, the ascending

and descending currents from difference of temperature,—are more energetical-

ly exerted, and the whole mass approaches nearer to uniformity in a given time,

or acquires it sooner than would happen were greater differences to exist.
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6. With plate glass the same circumstances hold nearly in an equal degree.

This substance is composed of silica and alkali essentially, other elements being

only in small quantities. Its action upon the crucible is greater than crown

glass, but then it has a second application of heat in such circumstances as are

calculated to give a very uniform temperature to the contents of a whole pot,

and it is delivered into its final form in the manner least likely to cause mix-

ture of the different parts.

7. With flint glass many circumstances are altogether different. Oxide of

lead enters into its composition to the amount of one third of its weight, or

more, and by its presence gives that proportion of refractive and dispersive

power, which makes the glass valuable in conjunction with crown or plate:

this it does in consequence of its own powerful action on light
;
and it makes

the glass heavy also, because of its own great specific gravity. A third property

belonging to it, namely its high fluxing or dissolvent powers, it also confers

upon the glass. Now these three properties are unfortunately very conducive

to the formation of striae. If the least difference in composition exists between

one part and another it becomes evident, because of the great difference

between the qualities of the oxide of lead and the other ingredients
; and

a variation in proportions which in crown or plate glass would produce

no sensible effect to the naked eye, would in flint glass form strong striae.

Hence it is required that the mixture be in this case far more perfect than

in the other glasses; and yet it unfortunately happens that every thing tends

to make it much less so. The oxide of lead is so heavy a material, and at

the same time so fusible, that it melts and sinks to the bottom, leaving the

lighter materials to accumulate at the top : and so imperfect are the means of

mixture, under ordinary circumstances, that glass of very different specific

gravity is procured from the bottom and top of the same crucible. The fol-

lowing are some cases of this kind, from pots containing glass not more than

six inches in depth, made from the usual materials, and retained at a full heat

for twenty-four hours :

—

Top 3.38 3.30 3.28 3.21 3.15 3-73 3.85 3.81 3.31 3.30

Bottom ... 4.04 3.7/ 3.85 3.52 3.80 4.63 4.74 4.75 3.99 3.74

These differences are great, and selected for illustration
; but from appear-

ances there is little reason to doubt that the same state of things, though not
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to such an extent, occurs in every pot of flint glass made in the ordinary

way.

8. Another curious illustration of the predominance of oxide of lead at

the bottom is shown in many of our specimens, which have been broken

through vertically : they have been affected by sulphuretted vapours and tar-

nished ; but the tarnish has occurred only at the bottom, where the lead is

abundant, and is there very strong, whilst there is no appearance of it towards

the top.

9. Whilst the crucible is in the condition described, it is clear that all those

circumstances, as currents, bubbles, &c., which tend to mix the glass, form

abundant striae and veins of enormous strength, and do harm unless they are

continued in activity until the mixture is nearly complete; a state rarely if ever

acquired in the ordinary flint glass pot. But even if this could be the case,

there is a constant cause of deterioration, arising from the highly fluxing and

dissolving quality given to the glass by the oxide of lead. In this respect, flint

glass far surpasses crown or plate glass, and it is also during one stage of its

preparation more fluid : it consequently is continually exerting a solvent

power upon the crucible to a considerable extent, occasioning that very

irregularity in composition which produces striae, whilst the comparative levity

of the matter dissolved at the sides and bottom, and the ascending currents

at the hottest parts of the crucible are constantly mixing this deteriorating

portion with the general mass.

10. The difficulties which are thus introduced into the manufacture of flint

glass fit for optical uses appeared to the committee, who, however, were none

of them practical glass-makers, to increase, as the scale upon which the inqui-

ries were carried on diminished : and the enormous expense of large expe-

riments,—the time required for each,—the number necessary to give that expe-

rience which should render any one who undertook the charge of this part of

the inquiry an ordinary practical workman,—and the uselessness of the resulting

glass for any other purpose than the one directly contemplated,—compelled the

sub-committee to consider seriously on the possibility of making other glasses

than those ordinarily in use, which, at the same time that they had the high

dispersive power enabling them to replace flint glass, might have also such fusi-

bility as would allow of their being perfectly stirred and mixed, and might be

MDCCCXXX. c
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retained,without alteration, in such vessels as could be procured of any desired

size.

1 1 . The borate of lead, and the borate of lead with silica, were the substances

which, after some trials, were found to offer such reasonable hopes of success

as to justify a persevering series of experiments ; and the metal platina was

looked to as the material out of which to form the vessels intended to be used.

It was soon ascertained that the borate of lead could be readily formed from

dry materials, and that silica might be added with great advantage to the

resulting glass ; a range of proportions between the three ingredients being

permissible, which gave much command over the properties of hardness, colour,

weight, refractive and dispersive power, &c., and yet remained within the required

range of fusibility. Platina also was ultimately found to answer perfectly the

purpose of retaining the glass : .for though at first it was continually liable to

failure, yet it was ultimately ascertained that neither the glass nor any of the

substances entering into its composition, separate or mixed, had the slightest

action upon it. Finally, it was found that several kinds of glass formed of

these materials, were in their physical properties fitted to replace flint glass in

the construction of telescopes, in some cases apparently even with advantage ;

since which time the experiments have been unremittingly pursued.

12. The great proportion of oxide of lead in these glasses rendered attention

to vciy minute points essential ; for otherwise strise were inevitably formed,

and even the destruction of the apparatus involved. For this reason, after

a certain number of trials upon composition had been made, one unvarying

set of proportions were adopted, and the attention given altogether to the dis-

covery and establishment of a process which should yield constantly good

results. This, as far as it has been carried into effect and proved, it is now my
object to describe.

13. The glass with which I have principally worked is a silicated borate of

lead, consisting of single proportionals of silica, boracicacid, and oxide of lead.

The materials are first purified, then mixed, fused, and made into a rough

glass, which is afterwards finished and annealed in a platina tray.

14. Purification of materials. Oxide of Lead.—The oxide of lead at first

used was litharge; hut this source occasioned frequent destruction of the platina

trays, in consequence of the existence of particles of metallic lead, which
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alloying with the platina, rendered it fusible. When red lead was substituted

for litharge, the same effect took place, due to the presence of particles of car-

bonaceous and reducing matter. Both these substances also contained so

much iron and other impurities, as to give a deep colour to the glass, far be-

yond what was expected from the quantity of impurity present ; this was

afterwards explained. Carbonate of lead was also found to be too impure.

Finally, all the oxide of lead necessary was purified, by being converted into a

nitrate, and crystallized once or twice, as occasion might require.

15. For this purpose litharge is first washed, by which many black car-

bonaceous and ferruginous particles are separated ; it is then dissolved in

diluted nitric acid, so as to form a hot saturated solution, the operation being

performed in clean earthenware vessels. Both the perfectly pure and the mo-

derately pure acid have been tried without any sensible difference in the results

:

a little sulphuric acid does not seem injurious; and I find that sulphate of lead

will dissolve perfectly in the glass; but muriatic acid has been always avoided.

As the acid, water and litharge are made to act on each other by heat, either

purposely applied or resulting from the chemical action going on, it will be

found that when approaching towards neutrality the liquid will become very

turbid. The hot saturated solution is then to be poured from the remain-

ing litharge and undissolved nitrate of lead, and after standing a few mo-

ments, again poured from the sediment, and set aside to crystallize in a cool

place. Before it is left, however, it is to be examined as to its acidity: if strongly

acid to litmus paper, it is in a right state ; if not, a little nitric acid should be

added, for the crystals of nitrate have always been compact and pure under

such circumstances, and more readily separable from insoluble matter.

16. After eighteen or twenty-four hours, the basins of crystals are to be ex-

amined; the clear mother liquor carefully poured off; the crystals broken up in

the basins ; and then repeatedly washed in fresh clear portions of the mother

liquor, that any insoluble deposited matter may be removed. There will ge-

nerally be a portion of this deposit ; but if the process has been well performed,

the crystals will be quite free. If they appear perfectly white or bluish white,

they need not be recrystallized
;
but if yellow, they must be dissolved in water,

a little nitric acid added, and the crystallization repeated. The nitrate in

the mother liquors and washings should be purified by repeated processes.

c 2
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17. The good crystals are to be washed in three or four waters, to remove the

last portion of deposit and adhering soluble impurities : but to prevent excessive

solution of the nitrate, the same portions of water may be used for several ba-

sins of crystals washed at the same time, by making it pass from one to another

in succession. Being thus cleansed, they are to be drained, put over the sand

bath, stirred and dried, and finally preserved in glass bottles. By this pro-

cess much iron and sulphate of lead are excluded ; and the purified nitrate is

found to yield a glass very far superior in colour to that prepared with the

ordinary oxides of lead, and to exert not the slightest action on the platina

:

its use put an end to all the accidents and failures which resulted from the

presence of metallic lead in the oxide. 166 parts by weight are to be con-

sidered as equivalent to one proportional or 112 parts of protoxide of lead.

1 8. Boracic acid.—The boracic acid for these experiments was obtained pure

from the manufacturer, but before being used was carefully examined. It was

rejected unless it was in white or bluish white crystals, clean and entirely

soluble in water. Its solution was tested for iron by the ferro-prussiate of potash

and a drop of sulphuric acid, and also for other metallic impurities by a little

solution of sulphuretted hydrogen. An ounce or two were heated and dissolved

in a little water; and when cold, the soluble part separated and examined for

sulphuric acid, by a few drops of nitrate of baryta and a little nitric acid. It

was also examined for soda by dissolving three or four ounces in hot water,

adding ten or fifteen drops of sulphuric acid, and allowing the whole to cool

and crystallize, expressing the mother water from the crystals ; concentrating

it ;
again crystallizing, and then acting upon the mother liquor, obtained at the

second time by strong alcohol, and continuing to wash with the latter fluid

until all was dissolved, or an insoluble part left. If the latter circumstance

occurred, the insoluble substance was examined for sulphate of soda, which if

in any sensible quantity occasioned the condemnation of the boracic acid. The

care respecting alkali in boracic acid was taken in consequence of observing

certain bad effects produced in glasses which appeared referrible to its

presence.

10. When the boracic acid was acknowledged as pure, 36 parts by weight

of the crystals were considered as equivalent to 24 parts, or one proportional of

the dry substance.
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20. Silica.—This material is in its most convenient state when it forms part

of a combination consisting of two proportions silica, and one oxide of lead.

As yet, the silica I have used has been the flint glass-maker’s sand, obtained

from the coast of Norfolk, well washed and calcined. The silicate has been

prepared by mixing two by weight of this sand with one of litharge, or with

such quantity of nitrate of lead as is equivalent to one of litharge (16) ; the

mixture is put into a large Hessian or Cornish crucible, which being covered

over, has been put into a furnace and raised to a bright red heat for eighteen

or twenty-four hours. On taking out the crucible, the charge has been found

diminished somewhat in bulk, and of a porous structure and appearance like

loaf-sugar. It has been freed from the crucible, the outside portions removed,

and the pure parts carefully pulverized in a clean Wedgwood mortar. The

powder has then been washed over in water, so as to obtain the whole in a fine

state of division ; after which it has been dried, and preserved in bottles. No
sieve should be used in these comminuting operations, nor any reducing or

metallic matter brought in contact with the substance. Every care should be

taken to avoid contamination : 24 parts by weight of the silicate are equiva-

lent to 16 parts, or one proportional of silica, and 8 parts of protoxide of lead.

21. The advantage of the silica in this combined state depends upon the

known composition of the substance, its comparatively easy pulverization, and

ready fusion with the other materials. That there is iron in the silica (and the

litharge when used) is objectionable; and the trials for its removal have only

been delayed that the investigation of a more important point, namely, a suc-

cessful process, might proceed. From some brief experiments, I am led to

believe that an unexceptionable source of silica will be obtained by acting

upon this silicate, in a state of fine division, by nitric acid and water, or else by

the use of rock crystal.

22. On some occasions I used pulverized flint glass, as the source of silica,

conceiving that being already in a fusible state, it must possess an advantage

over other silica, in allowing rapid mixture with the other materials. Allow-

ance was made for the oxide of lead present, and the alkali was permitted to

pass, as a substance that would probably do no harm. But a striking effect took

place, which at once showed the necessity of perfectly pure materials. The

glass when finished and cold was of a deep purple colour : this was immediately
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referred to the manganese in the flint, glass ; a supposition proved by repeating

the experiment with other flint glass, and then with flint glass of our own manu-

facture in which no manganese was used : the latter glass gave no purple colour ;

the former, a colour as deep as the first flint glass.

23. Thus it appears that this very heavy glass, the silicated borate of lead

(and I find it to be the case with other heavy_ glasses), has the power of

developing the colour of mineral substances far beyond what flint glass pos-

sesses
;
just as flint glass surpasses in the same property plate and crown glass.

In the case in question, the manganese, which did not give a sensible tint to

the flint glass, produced a strong colour when diluted eight or nine times by

the heavy glass, for the proportion of flint glass used was only -ffths of the

whole. On making a few experiments with iron, I find that the same strong

development of colour is produced with it in these heavy glasses; so that the

utmost care is necessary to preserve all the materials during their preparation,

and the glass in every part of the process, from metallic contamination.

24. The use of flint glass even without manganese was also objectionable,

because of the alkali in it, which, as before stated, was found to produce bad

effects, and rendered the glass containing it very liable to tarnish.
i

25. Such are the materials from which the heavy optical glass has been

latterly manufactured. When the composition has been determined upon, the

proper proportions and quantities of each are weighed out in a clean balance

and vessels; thus, for the silicated borate of lead glass, consisting of single pro-

portionals of each substance, 24 parts of the silicate would be taken, for they

contain a proportional of silica equal to 16 parts, and in addition 8 parts of

protoxide of lead: the proportional of oxide of lead has been taken as 112

parts ; but there being 8 in the silicate, the quantity of nitrate of lead equi-

valent to 104 parts only are required, and this is 154.14 parts: the equivalent

of dry boracic acid is 24, which being contained in 42 parts of the crystals, that

quantity is the one required. These proportions when heated and submitted

to mutual action will leave only 152 parts of glass, or thereabout, for

154.14 nitrate of lead contain 104 protoxide of lead.

42.00 crystallized boracic acid contain ... 24 dry boracic acid.

24.00 silicate of lead contain
8 ditto.

16 silica.
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Hence the materials for any quantity of glass can be easily calculated
; and if

the above parts be ounces, about 9lbs of glass will result. The nitrate of lead

is then to be broken small in a clean mortar, and the other ingredients well

mixed with it in basins, the use of metal or dirty implements being carefully

avoided.

26. The mixture is next melted, and made into rough glass. This prepa-

ratory operation is necessary, because from the quantity of vapourable matter

which is disengaged in this part of the process, the materials, if put at once

into the finishing vessel and furnace, might boil over and do injury
;
and the

acid nature of the vapours themselves, if it did not occasion harm by acting on

neighbouring iron and other parts of the furnace, would at least cause inconve-

nience. It is effected in a furnace, which will be particularly described in

the Appendix to this paper. It will be sufficient here to state, that being a

close furnace, the part immediately beyond the fire-place forms a horizontal

chamber, covered above by an iron plate having large circular holes ; these

allow crucibles to pass through them, and to stand supported on the bottom of

the chamber, whilst their edges rise above the upper iron plate. In this way

the fire is applied very generally to the crucibles, whilst their mouths are altoge-

ther exterior to the furnace, so that the introduction of any reducing or colouring

impurity from the fire is prevented, and the greatest facility in introducing the

mixture, of watching its fusion, of stirring the glass, and finally of ladling it out,

is obtained. The holes through which these crucibles are inserted are five or

six in number ; they are never all in use at once, and those out of use are

covered by crucible covers. The heat is not given altogether by flame
; but

whilst coal is used in the fire-place, coke is applied between the crucibles, being

introduced for that purpose, and arranged through the unoccupied holes. The

iron top of the furnace is covered by a second iron plate, or, what is better, by

earthenware plates, to retain the heat. The crucibles are of pure porcelain ware,

and as thin as they can be obtained. The covers for them are evaporating

dishes, considerably larger than the mouths of the crucibles : being turned

upside down, they rest, when in their places, upon the neighbouring earthenware

plate
; not touching the crucibles, but preventing any thing from falling into

them, and preventing the vapours from passing into the room. The latter are

by the draught of the chimney drawn through by the sides of the crucible into
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the furnace, and carried away up the flue, so as to occasion no annoyance to the

operator. The covers are slung- by a piece of platina wire, which being passed

across the middle on the outside, is bent at each end round the edges, so that

a rod of iron slightly curved at the extremity, easily suffices to remove them

when the crucible is to be opened. Great care is always taken to put them in

clean situations, and that in their removal nothing shall fall from them into

the glass.

27 . This furnace is found to be very effectual in its action; being connected

with a high flue governed by a damper, great command of the temperature

is obtained. The crucibles before being used are examined as to soundness,

and then their temperature is raised gradually, and should not be above a dull

red heat when the operation commences. The mixture already described

(25) is then introduced, and the crucible covered ; decomposition of the

nitrate of lead instantly commences
; the boracic acid loses its water, all the

fixed elements unite ; and it is remarkable that though a considerable quantity

of boracic acid usually sublimes with the water when the latter is driven off

from its crystals unmixed with other substances, yet scarcely a trace seems to

evaporate in the present instance, in consequence of the presence of the oxide

of lead.

28. The heat should not be raised too high or the operation hastened, and

then the ebullition will proceed very gradually and favourably, the rough ma-

terials being by degrees converted into glass. Before the first charge is entirely

melted a second is put in, and when that is fused down, sometimes a third,

according to the quantity of glass present and the soundness of the crucible.

When all is fused, the temperature is allowed to rise, but not too much,

lest action upon the crucible to a serious extent should occur ; the glass is

then well agitated and mixed by a platina rake or stirrer, to be described

hereafter. Finally the glass is either transferred by a platina ladle into trays

roughly turned up out of old platina foil, or into a clean deep white earthen-

ware vessel containing much distilled water. In the lattter case it is obtained

in a divided state, and when drained, is dried on the sand-bath, and put up in

clean bottles.

20. When a crucible has been emptied of its first portion of glass, it will

M i ve, if carefully used, for a second, third, fourth, or for many operations
; but
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it should be watched for cracks and casualties, that the running of the glass

into the furnace may be prevented, and, if necessary, another vessel taken.

30. The rough glass thus prepared is in the next operation to be converted

into an annealed and finished plate. The size must therefore be determined

upon, and we will assume it as 7 inches square, and 8 tenths of an inch

thick, that being the dimension of the largest plate as yet made. For the

purpose of making a competent platina vessel, a plate of that metal will be

required at least 10 inches square ; but if larger, it should not be cut, but

either made into a tray with higher sides than is absolutely needful, or else

used first in the manufacture of a larger plate of glass than the one to be de-

scribed. It should be of such thickness as to weigh at least 17‘5 grains to the

square inch ; and it is important that in its preparation a good ingot or the good

part of an ingot of platina has been selected, and that it has been rolled very

gradually and carefully without the formation of any holes by the adhesion of

dirt or hard particles, or by the dragging of the metal in the mills. The de-

sired perfection is, I understand, best obtained by rolling the platina between

two clean plates of good copper.

3 1 . The plate, being laid upon clean paper or a cloth on a smooth table, is

to be cleansed with a cloth and a little water or alcohol, and then to be ignited

at every part by a large spirit lamp. It must next be carefully examined as

to its state and the occurrence of places upon its surface where holes are likely

to exist. If the metal seems dragged in any place, an effect indicated by a

roughness upon the surface, or by short lines parallel to each other but per-

pendicular to the course of rolling, such place should be noted or marked,

for which purpose a dot of ink will be convenient. If a scale appears,

or a small portion is apparently folded over, it should also be marked
; and

if a black spot is visible, (and they are sometimes formed by the adhesion of a

particle of dirt or grit,) it should be examined, and removed by the point

of a knife, if necessary, and its place also marked. All these places and the

whole surface of the plate should then be examined for holes by a still stronger

test, namely, by holding the sheet of metal before and close to a bright light,

as a candle or lamp, in a dark room, and every hole observed marked. In

making this examination, it must be done carefully and minutely, holding the

plate in different directions to the light (for sometimes the holes are oblique),

MDCCCXXX. D
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and being careful that no reflection from illumined objects, as the hands, on

to that side towards the face shall give deceptive indications. In the marking,

too, the indicating spot should always be made at a certain distance from the

hole, as the fourth or the third of an inch, and on the same plate constantly in

the same direction or towards the same edge ;
the holes are then easily found

again, and the mark remains during the soldering to guide the operator.

32. The holes discovered by these examinations are to be closed by little

patches of platina soldered with gold ; for gold, like platina, may be safely

used in these experiments, when reducing matter is absent. The gold has been

used in the finely divided state in which it is obtained by precipitation from its

solutions by means of sulphate of iron, but it must be washed perfectly pure :

the patches are formed by cutting a piece of clean new platina foil into small

square or rectangular plates : a sufficient heat can usually be obtained by the

use of the spirit lamp and mouth blowpipe. In the process of soldering, a

little of the powdered gold is heaped upon the hole and slightly flattened by

some clean instrument, the spirit lamp is applied underneath for a moment,

which causes the gold to adhere slightly, a selected patch of platina is laid

delicately upon the gold, and then the heat of the spirit lamp, urged by the

blowpipe, is directed beneath against the place. Usually the gold will melt

and run instantly, the platina patch will come into close contact with the plate,

and the operation will be completed. If well done, the fused gold will appear

all the way round in the minute angle formed by the edge of the patch,

and also faintly at the hole on the opposite side of the plate.

33. Sometimes when the patch is large, or in the middle of a plate, the heat

obtained as above is hardly sufficient to melt the gold freely and cause perfect

adhesion. In such cases, a single or double piece of platina foil loosely laid

over the part, prevents loss of heat from the upper surface, and frequently

causes such increased elevation of temperature as to render the soldering

perfect and effectual. In the few cases where this expedient has not succeeded,

I have resorted to the oxyalcohol blowpipe, using a small bladder of oxygen

with a little attached jet for the purpose. This has never failed to produce an

effectual heat, and 15 or 20 cubical inches of oxygen are sufficient for many

operations.

34. This application of patches and soldering is only secure for small holes.
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i. e. such as a pin might pass through, and smaller. The patches are always to

be applied on that surface of the plate which is to constitute the outside of the

tray ; and therefore, before the soldering begins, the two surfaces should be ex-

amined, and the most polished and perfect selected as that intended for the

inside. The patches are valuable in their use far beyond what the mere appli-

cation of gold to the hole would be ; for the heat afterwards applied to the tray

when charged with glass, is abundantly sufficient to melt gold ; in which case, if

unsupported by the platina patch, the weight of glass and the action of stirring

would probably force the gold out of the hole and cause the tray to run

;

whereas the patch of platina, although the gold holding it to the plate is liquid,

still adheres by so strong a capillary action as to be sufficient to retain its

place, and being outside is not disturbed by the motion of the stirrer. Besides,

after a long application of heat, the gold and platina combine so perfectly as

to become one piece of white alloy, infusible at the heat applied.

35 . The plate is now to be folded into a tray, preparatory to which, a piece

of thin board is to be provided as a guage, which in the present instance must

be 7 inches square. This laid upon the plate and held tightly down, directs

the foldings of the sides, and would, if placed in the middle, leave sufficient

for edges one inch and a half high all round ; but as the plate should serve for

use several times, it is advantageous to apply the guage a little eccentric ; for

then, when used for a second and third operation, its place may be shifted,

and the folds not occurring where they did before, there is less chance of holes

being broken through the platina. The folds necessary at the corners of the

tray are especially likely to render the same parts unable to bear a second

and third bending ; but the necessity of having them in the same place may be

usefully obviated by placing the guage oblique to the sides in one direction

and in another, on different occasions, and moreover gives other advantages in

finishing the folding of the corners
(
36 ). These attentions, tending to the

preservation of the platina for repeated service, are very needful, in conse-

quence of the great expense of the material : the value of the plate in question

is about 6/. 10s., and when worn out, it may be sold for about half that sum.

Whether it be used therefore once, twice, thrice, or four times, makes con-

siderable difference in the expense of the resulting plates of glass.

36 . When the guage is properly placed on the platina, the sides are raised

d 2
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perpendicularly: this produces four projecting folded triangular comers,

which being pressed close, are then turned against the sides, and a square tray

is finished, which has no aperture or orifice below its upper edge. The fold-

ing of these corners is a matter of much more consequence than might be

anticipated. The plate is seldom so regular that the parts of two neighbouring

sides which come together at a corner are exactly of equal height ; neither is it

desirable that it should be so, and the unsymmetrical position of the guage to

the plate, already recommended (35), is almost sure to prevent it. In that case,

of the two sides of the folded corner, one will be higher than the other, and

if the corner be so folded that its lower side is towards the tray and beneath its

edge, a kind of syphon is formed which becomes charged with fluid by capil-

lary action, and continues to discharge glass from the tray during the whole

time of heating, notwithstanding that all the edges are much above the

level of the fluid within. This in a long experiment is competent to occasion

serious injury.

3/. I have found, even when the edges of a corner have been of equal

height, but below the edge of the side against which they are disposed, that

still this capillary and syphon action has gone on, and the reason is not diffi-

cult to comprehend ; the corners therefore have always been folded in such a

manner, that their highest edge has been inwards, and both their edges above

the level of the corresponding edge of the tray. To effect this, the line of

their lateral flexure is not perpendicular to the bottom of the tray, but a little

outwards above, and the proper degree of inclination is easily given by using a

mould upon which to bend the corners. This should be a thick square piece

of wood, having the four corners cut with different degrees of obliquity : when

the corners of the tray are first imperfectly formed, it will be easy to ascertain

by trial, which corner of this mould will give the

obliquity and position already described as neces-

sary, after which the folding may be easily finished

upon it. The accompanying sketch represents first

a good and then a bad folding.

38. All occasion for changes in the folds, especially at the corners, should

be avoided. The folds should be decided upon as the work proceeds, so

advantageously as to make alterations unnecessary. The closer the corners
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are pressed, the smaller is the quantity of glass contained in them, and the

less risk is there of the platina being broken when the finished glass is taken

out ; but it is proper to avoid general contact between the corners and the

sides against which they are disposed, otherwise welding is likely to occur

during the stirring, and the platina is injured for future experiments.

39. The tray being formed is again to be examined for holes, first by a light

as before (31), and then in the following manner. Being laid upon a sheet

of bibulous paper, alcohol is to be carefully poured in until the fluid is within

the fourth or the sixth of an inch of the lowest edge of the tray, so as to

occasion no running over at the sides or corners. If a large hole exist, it will

be rendered visible immediately ; but if none such appear, a large basin

or some other cover is to be placed over the tray to prevent evaporation,

but without touching the vessel or its contents; and the whole is to remain

undisturbed for some hours. Being then examined, the wetting of the paper

will indicate a hole or a badly folded corner, and will point out the faulty

place : the tray may easily be shifted from one part of the paper to another

for the discovery of any moistened places beneath. Sometimes holes occur

so small that alcohol will not run in a sensible quantity through them.

Suspected places of this kind and suspicious corners also should be examined

by a clean dry point of bibulous paper, which soon shows, by its change of

appearance, the transmission of any fluid : but attention is required that no

false indication be produced by carelessly bringing the paper near the upper

edges of the platina, especially in the folded places. These minute holes do

not occasion much harm in the furnace, but no fault should be allowed to

pass which care can correct.

40. When the tray is faulty, the alcohol must be removed by a small sy-

phon, the holes soldered in the manner before described (32), and the tray

again tried. When it proves good, it is, after the removal of the alcohol, to be

heated red hot in every part by the flame of a large spirit lamp, and then

reserved with care in a clean place until required.

41. If the platina has been used before, it should first be ascertained that

none of the glass from the former experiment remain on it. If there be any

portion, the plate must be returned to the weak acid or pickle out of which

it has been taken. If free from glass, it should then be examined as to any
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chemical injury it may have suffered. Any part which is altered in appear-

ance, or has been attacked by the acid, or which tarnishes when heated to

redness by the spirit lamp, has been thus affected; and it will depend upon the

extent of the action whether the plate is unfit for further use. No chemical

injury is occasioned by the proper and successful performance of an expe-

riment.

42. An examination for holes by the candle or lamp must next be made,

especially in the folds at the corners and where adhesion of the platina from

welding may have occurred, and any that are discovered are to be marked

as before (31). The plate should then be flattened by being put between

two sheets of writing paper upon a smooth table, and the edge of a folding

knife or some other smooth substance drawn over it
; but if this be done

whilst old glass adheres to the plate, it is almost certain to produce injury.

The holes are then to be soldered and mended, the patches being applied upon

the same side as before. The guage for the new tray is to be applied to the

plate, shifted, if there be occasion, from its old position, as before intimated

(35), and the folding of the tray, its completion and examination, to take

place as before.

43. It is desirable never to cut the platina smaller than can be helped, but

always to make the largest plate upon it for which it is competent. Then, when

operated with a second or third time, smaller guages may be used, and the

folds will not be repeated in the same place
; and if injury occurs to the metal,

being generally at the sides of the tray, the middle part will still be left for the

preparation of smaller plates of glass.

If such large plates of platina are required for trays as can hardly be rolled

at once, there is no difficulty in making a folded joint and rendering it tight

by soldering with gold.

44. A kind of furnace, unlike the former, is now required for the completion

of the glass, and its delivery in the state of an annealed plate. This furnace

shall be described accurately in the Appendix. It may here be sufficient to

state that it consists of a fire-place in which coals are burnt ; of a part beyond,

acting both as furnace and flue, in which coke is used; and of a chamber above,

to be heated by the fire, though out of the course of both flame and smoke. It

is in this chamber that the glass is made ; so that, by the arrangement adopted,
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at the same time the substances are fused and access for stirring1 allowed, the

essential condition of excluding impurity or reducing matter is also fulfilled.

45. The fire-place itself is of the ordinary construction, and fed with fuel by

an aperture in front in the usual way. I have found abundant reason to be

satisfied that the passage of steam beneath the bars of the grate is of con-

siderable use; for which reason an iron trough charged with water occupies the

lower part of the ash-pit. The bars are by this arrangement preserved very

cool and do not burn away ; they are easily kept open and clear of clinkers
;

the free passage of air to the fire is permitted ; and the action of the furnace

retained at a high point for any number of hours together.

46. That part of the furnace beneath the chamber requires peculiar and

careful arrangement ; for at the same time that such a heat as will soften the

neighbouring materials is produced there, the bottom of the chamber in its

softened state and charged with several pounds of materials, has to be firmly

supported for many hours together without change of position.

47- The coke necessary in this part is introduced by two or more holes in

the side of the furnace, which, when necessary, are stopped by bricks. The

bottom of the chamber is supported on ledges at the sides, and upon the ends

of fire bricks in the middle, firmly placed at intervals so as neither to stop

the passage for smoke and flame, nor the cross passages for the introduction of

coke.

48. The value of the coke arrangement in this as in the other furnace is

very great. The heat obtained by the united action of the coke and the flame

from the fire-place, is abundantly sufficient ; and whilst obtained at the

necessary point does not involve that degree of mechanical action required

for stoking and stirring, which is necessary with coals, and would risk the

destruction of the soft thin bottom of the glass chamber. It further occa-

sions the perfect combustion of the smoke produced in the coal fire, which at

first was so considerable in quantity that, had it continued unaltered, the ex-

periments must have been removed from the Royal Institution ; in which case

they would probably have been discontinued altogether.

The flue is the same as that connected with the former furnace, and has

a damper for regulating the heat, especially useful during the annealing

operation.
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40. The chamber was at first of cast iron, that material being selected as

one which would bear a sufficient temperature without melting, would conduct

and transmit the heat freely to the substances within, and could be easily

obtained of the requisite form. The upper aperture was closed by plate iron

covers, and in the first trials all appeared to answer well ; but when large

experiments were made, and the heat was continued for a long time, the

bottom gave way and became irregular; and upon endeavouring to rectify this,

and place the tray of glass level by means of sand, the transmission of heat

to the glass was prevented, the temperature of the iron rose, and the bottom

melted. Besides these injurious liabilities, if the smallest portion of glass

passed out of the tray, the moment it touched the iron it was reduced, the

lead immediately caused fusion of the platina, and in an instant the tray was

destroyed, the experiment stopped, the glass rendered black and useless, and

the bottom of the chamber covered with lead and rendered unfit for another

operation.

50. Finally, one very curious action of the iron was discovered, which im-

mediately caused its rejection. Plates of glass, which seemed very good in

other respects, were frequently so discoloured by dark smoky clouds as to be

useless. These could not be referred to any impurity which had been left in

the materials or had entered accidentally, and, as the platina was in all such

cases altered and injured, was at first supposed to be occasioned by some par-

ticular action exerted between it and glass at high temperatures. But upon

every fair trial to verify such chemical action, the proofs failed, however high

the temperature used, or however minutely the metal was divided. At last the

cause was discovered. To understand it, it must be known that the platina tray,

with the glass in it, was either placed directly upon the bottom of the iron pan,

or, for greater security, with only a plate of platina intervening; and that the

whole was covered by an evaporating basin turned upside down, forming a sort

of inner chamber within the large one. In this confined state the oxygen of

t he portion of air present was soon abstracted by the heated metal, an oxide of

iron being formed in consequence, and at the same time also, a portion of

carbonic oxide from the carbon in the cast iron. At the high temperature to

which the experiment was raised, this carbonic oxide was competent to reduce a

portion of the oxide of lead in the glass to the metallic state, itself becoming



MANUFACTURE OF GLASS FOR OPTICAL PURPOSES. 25

carbonic acid
;
but as soon as the carbonic acid so produced came in contact

with the heated iron, it was again converted, according to the well known

condition of the chemical affinities at these temperatures, into carbonic oxide,

and went back to the glass to repeat its evil operation and produce more

metallic lead. In this way it was that the glass became sullied by smoky

clouds consisting of metallic lead. It was the lead thus evolved also, that,

by alloying with the platina, had produced the appearance of chemical action

always visible in these cases ;
and now I knew how to account for the failure

of many experiments in consequence of the formation of holes in the trays in

a manner before quite inexplicable : for in the experiments purposely made to

investigate this point, sometimes the glass was darkened only at the surface,

the lower part being quite clear and good; and then, though the platina tray

was frequently cut through as with a knife all round level with the surface of

the glass, it was quite unaltered below. At other times the superficial stain was

in a greater quantity, and had collected together into little drops like fat upon

hot water, and upon examination each little globule was found to be soft me-

tallic brilliant lead. At other times a much larger globule hung from the middle

of the surface into the glass, barely sustained there, and ready to sink by the

least agitation when in a heated state, and in some instances the bottom of the

tray was alloyed and perforated by globules of lead which had thus been formed

and deposited, and the glass just running out, whilst another globule was in

progress of formation at the surface exactly over the place of the hole.

51. When iron was dismissed as the material of the chamber, earthenware

was resorted to. The sides were built up of brick, and the bottom formed of

tiles, which resting at the sides upon ledges, and at the middle upon the fire

brick supports (47), could be replaced at pleasure. The same iron covers were

used for the upper aperture of the chamber as before.

52. The use of earthenware as the material, made it far more difficult to

apply a sufficient heat to the contents of the chamber than before, because of

its inferiority to the iron as a conductor of heat ; and a series of investigations

were required to discover that substance, which, at the same time that it had

sufficient strength and exerted no injurious influence, was also a sufficiently

good conductor. Reigate fire-stone, recommended by the builders, did not

answer the purpose, and moreover in thin plates was liable to fuse and slag.

MDCCCXXX. £
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Slate, however carefully heated, shivered and split, not only across, but parallel

to its structure, and then, as soon as air intervened, it transmitted too little

heat. It also softened, became curved, and let in air and smoke, and at last

gradually fused, becoming unable to bear the weight of a large experiment.

Yorkshire stone rubbed down into plates J-ths of an inch thick, answered mode-

rately well, if the application of heat was carefully made and gradually raised.

It cracked in a few places, but did not fall to pieces ; and it was more difficult

of fusion than the former substances. Fire tiles of various kinds were tried ;

those made of Stourbridge clay answered the best, and when about fths of an

inch thick and carefully heated, might be successfully used; but that which we

finally arrived at was the use of plates made of the materials from which

Cornish crucibles are manufactured. These we obtained through the interven-

tion of our President
;
they were purposely manufactured for us by Mr. Michell

of Caleneck in Cornwall, a gentleman who has been ever willing and anxious

to assist us in our inquiries, by supplying us with vessels of any size or form,

or any other article which it was in his power to produce.

53. The Cornish plates have not much cohesion, and feel tender in the hand.

They may be rubbed down to a flat surface, and resist any heat which can

be applied to them in these or in much more powerful furnaces. They are

therefore readily brought to any thickness, and when of about |ths of an inch,

and supported in the furnace as before described (47), have strength to bear any

weight required to be placed upon them. They do not crack, nor do they force

themselves to pieces by expansion ; but they are porous, as indeed are in a

greater or smaller degree all the materials of which the chamber and its sides

are now composed.

54. The porosity of these materials was of great importance; for it allowed

of the passage of gaseous matter, and that even of a reducing nature, from the

lire into the chamber. I have frequently had evidence that the sides and bot-

tom might be considered as a very sieve-like partition between the fire, the

flue, and the space called the chamber; for when the upper aperture has been

closed, there has been a current through the chamber in the direction of the

flame, the gaseous matter entering at the extremity nearest the fire, and pass-

ing out at the end towards the flue. In one or two cases, oxide of lead was

actually reduced, and the glass thus rendered cloudy.
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55. Hence it became necessary to use some certain means of maintaining

an oxygenating atmosphere about the glass ; to obtain which, and also to pre-

vent any other injurious vapours from the fire entering the space beneath and

within the earthenware covers (50), the expedient was adopted of allowing a

current of fresh air to pass continually into that space and circulate about the

glass. To effect this, a clean earthenware tube, glazed within, was let horizon-

tally into the side of the furnace, in such a manner that one extremity was

flush with the inside of the chamber, and of such height, that its lower edge

corresponded with the level of the bottom upon which the glass in its tray was

to be placed, whilst the other end of the tube reached to and was flush with the

outside of the furnace. A loose piece of tube, similar in kind but smaller in dia-

meter, being laid upon the bottom of the chamber, and applied at its end to the

orifice of the larger one, served as a continuation of it until the inner extremity

reached to and was under the cover of the glass experiment. When the furnace

was hot, there was always a draught inwards through this tube ; but the quan-

tity of air admitted was regulated by a valve (70). The air, by first passing

through the hot sides of the furnace, then through the shorter ignited tube ser-

ving for connection, was transmitted in a thoroughly heated state to the place

where its presence was required, without producing any serious cooling effect

;

it there maintained a continually oxygenating atmosphere, and, judging from

the effects, prevented the draught inwards of any vapours from the fire to the

space beneath the glass covers.

56. The next point of importance, in the preparation of the glass, is the ar-

rangement of the tray in the furnace, whose powers have just been described.

To understand this, it will be necessary to say that the glass chamber is 25

inches long, 13 inches wide, and 8 inches deep, and that the fire being at one end,

the flue is at the other. Plates of glass 7 inches square have been made in it

;

but it would probably require a larger furnace to make much larger pieces.

57. The bottom of the chamber being perfectly level and clean, the guage

board, on which the tray was formed (35), should be placed on the middle

of the half next the fire, and then a piece of connecting air tube taken, which

being laid on the bottom of the chamber, may extend from the fixed air tube

by the side of the guage as far as the middle, or even towards the other

side of the chamber. After this, pieces of Cornish tile (53), or other clean

e 2
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earthenware which will not fly in the fire, contains but little iron, and is free

from glaze, are to be prepared, of such size that they will fit in loosely round

the guage, covering the rest of that

half of the chamber bottom, and serv-

ing to support the sides of the tray

when in its place. This support to

the tray is highly needful; for, other-

wise, the weight of the glass, and the

action of stirring, would be more than

the thin and heated platina could sup-

port. The thickness of the pieces

should be, for the plate in question, about 1 inch, and they should be all

uniform in that respect. They should never rise so high as the edge of the

platina, lest glass should accidentally pass from the tray to them, or im-

purities from them to the glass. An excellent guide to their thickness is, to

make it similar to that of the intended plate. When they have been roughly

arranged around the guage, the latter should be withdrawn, and the tray

itself introduced, the pieces being now finally adjusted about it. They should

not be so arranged as to press against its sides
; but the latter should be at

liberty, though only so much, that upon the least tendency of the sides out-

wards, they should be supported by the pieces. The assistance thus given

should be directed rather to the sides than the corners, and it is better that

the latter should not be in contact with these adjuncts, but be allowed to sus-

tain themselves, for they are strong enough for the purpose, and the corners

are always those places at which, from one circumstance or another, the glass

is most likely to pass outwards.

58. The piece of earthenware which is fitted nearest the mouth of the air tube

should have its angle taken off, or some other provision made, as by making

the orifice of the tube oblique, that the passage of air may be uninterrupted;

and on that side the tube itself may frequently form the support to the tray.

If it does, and is glazed on the exterior, a piece of loose platina foil should be

wrapped round it at the part where it touehes the tray, to prevent adhesion

by the glaze when cold. The general disposition of the tray, the tube, and

the packings, may be seen in the sketch above.
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59. When the first set of packing pieces is properly adjusted, a second series

is to be arranged over them ; but these are to be removed backward from the

tray about the third or half of an inch all round, that accidental contact with

its edges may be avoided. Their thickness should be sufficient to raise them

level with, or rather above, the edges of the tray. All these adjusting pieces

are to be rendered perfectly clean and free from dust before they are applied.

Their use is not only to afford support and assistance to the platina tray, but

also to sustain the glass covers, and likewise, by retaining the heat upon the

bottom of the chamber, prevent much of the inconvenience that would other-

wise occur at the times of stirring the glass.

60. The glass covers have, up to this period, consisted of inverted evapora-

ting basins, suspended at pleasure, in the manner before described, by platina

wires (26). When the platina trays used have been sufficiently small to ad-

mit of the arrangement in our present furnace, two, and even three covers have

been used simultaneously, each prepared with its own platina suspension
; but

of such size, that the larger could be placed over and inclose the smaller, with-

out touching it. In such cases the temperature of the glass, after being-

lowered by stirring, or in any other way, rose very rapidly
;
but with the large

plate of 7 inches square, the furnace would admit of but one glass cover of

sufficient size, and the only additional assistance which could be obtained was

that which was given by putting a similar but smaller cover on the outside

and above the principal one.

61. The first and important cover is to be selected of such dimensions, that

when in its place and resting by its edges upon the packing pieces, it shall

fully inclose the platina tray and its charge, not only for the purpose of accu-

mulating heat and confining an oxygenating atmosphere within, but also shel-

tering the glass, and preventing any oxide of iron from the chamber covers, or

dirt from other sources, falling into it. These covers, when hot, are raised and

removed by means of clean iron rods, which being sufficiently thick to have

abundant strength, and no injurious degree of elasticity, are made taper at

one extremity, and slightly curved there. This end is easily introduced be-

neath the platina suspension wire, and as easily withdrawn when the cover is

removed.

62. All these matters being preliminarily arranged, the final disposition of
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the tray and its charge is made. The air tube is carefully wiped, and its ex-

ternal aperture closed by a clean loose plug of dry sponge. The tray is for

the last time freed from dust by inversion and blowing upon it, and is put into

its place. The quantity of rough glass necessary for the required plate, about

8lbs in the present instance (29), is carefully weighed out, and then introduced

by an evaporating basin, or some other means which shall not allow of the admis-

sion of any reducing or colouring matter, or permit any portion of glass to pass

beyond the edges of the tray. The glass covers are then to be arranged in their

places ; the iron covers of the chamber likewise adjusted, and over all are to

be placed a set of thick earthenware tiles, which have been fitted together so

as to constitute a general covering to the whole, well calculated to retain heat.

63. The ensuing part of the process is one in which the precise order of, and

most advantageous proceedings have not yet been ascertained. Variations

have been made up to the very last experiment, and it is only by still more ex-

tensive experience that the arrangement wall ultimately be settled.

64. A fire being lighted in the furnace, and some coke put beneath the glass

chamber, the temperature is gradually raised. In about an hour the bottom

of the chamber begins to appear ignited, and in four hours the top iron covers

are usually dull red hot. These appearances are useful, as indications of the

progress of the operation. When the furnace has been heated for the first half

hour, then every care is taken that the temperature may be fully sustained to

the end of the experiment
; and besides the ordinary kind of attention to the

fire, particular care is taken that coke be supplied, by the lateral holes, to the

part beneath the chamber ; for, if the fuel there be allowed to burn out, the

heat soon falls, notwithstanding the flame from the coals. Although the fire

may seem quickly to have attained its best condition, yet the temperature con-

tinues to rise in the chamber long afterwards ; for, from the quantity of lateral

brick-work to be heated, it is usually many hours before the sides of the cham-

ber are so hot, that the tray and its contents can attain their highest tempera-

ture. At the same time it must be understood that the heat of the glass is very

much governed, especially at the early part of an experiment, by the number

of covers over it, and rises far more rapidly, and much higher, with two or

three covers than with one.

65.

Perhaps the glass may with propriety be examined once, early in the
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experiment, for the purpose of ascertaining that the tray and its contents are

safe ; but usually it is left for six or eight, or a greater number of hours, that

the whole may fuse, the temperature rise, and the bubbles escape. When the

glass is to be examined, the tile and iron covers are to be removed from over

that half of the chamber containing it, by which, consequently, the glass covers

are exposed ,
these are next to be carefully raised, one by one, using the iron

instrument before described, for the purpose (61), and, as they are removed,

are to be carefully put into the further part of the chamber, which still re-

mains covered, where they will be retained in a heated state. This prevents

their cracking and falling to pieces, as they would do if brought into the

open air. If the experiment, and consequently the covers, are upon so large

a scale that the latter cannot all be placed in this situation, then the exterior

ones may be placed upon the top of the heated covers and tiles ; but the par-

ticular cover, which immediately incloses the glass, being of great importance,

must be put into the further safe part of the furnace, that it may be carefully

preserved from injury, and ready to be replaced over the glass with the least

possible disturbance.

66. The moment the last cover is removed, the glass is exposed to any fall-

ing substance from the iron plates, or tiles, or other sources, so that extreme

attention is required at such times, to keep the place free from dust, and to

perform every requisite operation as quietly as possible. The current of hot

air which rises from the chamber, ascending and striking against the ceiling,

frequently causes, by change of temperature and mechanical agitation, the se-

paration of small particles of matter, which, descending, cause risk of injury to

the glass ; for which reason, it may sometimes be needful to have a temporary

shelter fixed over the furnace, either of tin plate, clean boards, or some other

material which shall not throw off scales or impurities of any kind.

67. If, by any unfortunate accident, a fragment of matter does fall into the

glass, it should be instantly removed. It certainly will not sink, because of

the great density of the glass, and may be taken out, usually with facility, by

touching it, and the glass in its neighbourhood, with the platina stirrer (28),

or the bottom of the platina ladle (28). In carrying it and the adhering

glass away, great attention should be given, that none of the latter fall over

the sides of the tray
; since such portion might be a means of introducing im-
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purity hereafter, or of cementing the tray and the earthenware together in a

very inconvenient and injurious manner.

G8. If, also, it should be observed, at this time, that there is a superabun-

dance of glass in the tray, and not sufficient distance between its surface and

the edges of the platina, the excess should be ladled out (28), an operation

easily performed, but which must be done with care.

69. When the glass is ascertained to be in a proper condition, and that there

is no appearance of any portion of it outside the tray, the covers are to be re-

placed, the chamber closed, and the heat continued. If the covers be glazed,

some precaution is required in their arrangement ;
for on putting the second

cover over the first, if they are left in contact by a portion of glazed sur-

face, they will be found, upon their next removal, to adhere at that place.

They should never be put in contact therefore with each other, or, if that can-

not be avoided, a piece of old platina foil should be laid upon the place where

the contact is necessary (58).

70 . Whilst the glass is covered and subjected to a high temperature, there is,

as before stated, an inward current of fresh air passing continually to and about

it through the air tube, during the whole time of the experiment (55).

It was necessary to apply a valve to the external orifice of this tube to regu-

late the supply ; for the draught was so considerable, that the glass was cooled

by it, and much dust carried in. Finding reason to believe that even when very

much diminished, the quantity of soots and dust in a London atmosphere, and

especially in that portion of it taken from an experimental room in which a

powerful furnace was at work, were competent to do much harm in eighteen

or twenty-four hours, by giving colour and forming striae, experiments were

made on the means of cleansing the entering air. It was found easy to effect

this, by the assistance of two or three Woulfe’s bottles, or two or three jars,

inverted one within another, using at the same time portions of diluted sul-

phuric acid, or such solutions of salts in the vessels as would not supply any

moisture to the air, but rather hike water with the dust from it. In these

oases the air did not bubble through the liquid, but only passed close to its

surface, and had time to deposit its dust during its passage through the in-

closed spaces above the fluid: but, finally, a still simpler arrangement was used,

consisting merely of a plug of clean dry sponge fitted into the end of the tube,
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which;, at the same time that it allowed sufficient air to pass, seemed, from the

appearance of the tube afterwards, to have excluded every impurity.

7 1. There are two conditions of the finished glass, each of great importance,

which it is the object of the process to obtain in this state of the sub-

stance. One, and the most essential, is the absence of all striae and irregu-

larities of composition; the other, the absence of even the most minute bubbles.

The first is obtained by agitation and perfect mixture of the whole ; the latter,

principally by a state of repose: so that the means required to be successful on

both points are directly opposed to each other. Were the glass absolutely

incapable of change by the long-continued action of heat, it would be easy first

to render it uniform by stirring, and then to leave it in a quiescent state, until

the bubbles had disappeared; but I am not yet fully assured of the fact which is

necessary to this order of proceedings. That the glass as far as proportions are

concerned, if changed at all, is altered only in an extremely minute and inap-

preciable degree, is shown by some experiments, in which, after a portion

had been prepared and heated for many hours, and also stirred well, the resulting

piece was divided into smaller portions, and these heated at different tem-

peratures, in platina trays, for sixteen hours. Three portions were heated as

powerfully as the furnace would admit of; three only to redness, which may be

considered as a very low heat ; and three to an intermediate degree: all were

cooled slowly and annealed for an equal time. The specific gravities of each

after the experiments were as follows

:

Highest heat . . 5.4206 . 5.4211 . 5.4203 . . Mean sp. gr. 5.42066

Intermediate heat . 5.4253 . 5.4242 . 5.4255 . .
—

• 5.42500

Least heat . . . 5.4258 . 5.4262 . 5.4235 . . 5.42516

Original glass . . 5.4247 • 5.4261 * —
• 5.42540

72. Here, notwithstanding the irregularities between the similar experi-

ments, there seems, from the comparison of the mean specific gravities, to be

a gradual though minute diminution of density, as the glasses have been more

powerfully heated ; and I found also, that when glass was so well stirred as to

leave no doubt that it was thoroughly well mixed, yet being left in the furnace

at a high temperature for eight or nine hours, it contained striae.

73. On the other hand, first to render the glass perfectly free from bubbles

and clear, and then to stir out the irregularities of composition, I have not
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found to be a practicable process; because the stirring, in the manner in

which I have yet performed it, tends to introduce bubbles into the glass ; and

though these are only small, still they are objectionable. Hence a mixed

process has been adopted, which, as I have before stated, is subject to cor-

rection from future experiments. To render the process as far as it has

been carried sufficiently intelligible to others, I will first describe the circum-

stances connected with stirring, and their influence upon striae; and afterwards,

the plans adopted for the dispersion of bubbles.

74. It is not a small degree of stirring and agitation which is sufficient to

make a fluid of mixed materials homogeneous; especially when the mixture is

not exceedingly fluid, but has a considerable degree of tenacity, something like

tar or syrup. An idea of the extent to which it must be carried, and of the

general nature of strice in fluids, may be gained by taking a glass full of clear

saturated syrup, made from white sugar, putting a few drops of water into it,

and stirring the whole together. It may then be remarked how slow the striae

are in disappearing
;
and when they are apparently destroyed, if the whole be

left for some hours, it will frequently happen that a separation will take place

into a lower heavy, and superincumbent light portion, which when stirred to-

gether again produce striae. In the glass, the stirring must be in the utmost

degree perfect, for if there be the least difference in different parts, it is liable

to form striae : nor are the different portions allowed to arrange themselves

by their specific gravities, in which case one part might perhaps be removed

from another, after the glass was finished and cold ; but the ascending and

descending currents which inevitably take place in the fluid matter, are cer-

tain to arrange the irregularities in such a manner as to produce the strongest

possible bad effect.

75 . The instrument used for stirring has hitherto consisted of a piece of plate

platina, which for the seven-inch glass, taken as illustrating the process, is 6^

inches in length and fths of an inch in breadth. It is perforated with various

irregular holes, that, when drawn through the glass like a rake, it may effec-

tually mix the parts. A piece of thick platina wire, about thirteen inches long,

i" riveted to it, and the extremity of this screwed into the end of a clean iron

rod which answers the purpose of a handle. No small or cellular apertures

should be allowed in this stirrer; for they will frequently retain air or moisture,
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which may cause bubbles in the heated matter and do much harm. A little

gold, therefore, should be applied to the part where the stem is attached, and

fused, so that all hollows may be filled up. Stirrers of different dimensions are

to be provided for different sized plates of glass. Before being used, they

should be steeped in dilute nitric acid, and also heated to redness in the spirit

lamp, just previous to their immersion in the glass for the first time in each

experiment.

76. When a stirring is to be performed, the tiles and iron covers are removed

from the first part of the chamber (44. 49. 65), the glass covers also taken off

and put into the back part of the chamber (61. 65), the glass quickly examined,

to give assurance that all is in good condition, and then the stirring com-

menced. The stirrer should be put in gently, that no air may be carried down

with it, and then drawn through the glass quickly but steadily, so as to mingle

effectually, but not to endanger forcing the substance over the edges of the

tray or to run the risk of involving air bubbles. The chamber and its con-

tents are cooled by the necessary exposure to the atmosphere, and therefore,

when the agitation has been continued until the glass is so much lowered in

temperature as to become thick, it should be discontinued, the stirrer carefully

removed, the glass covers replaced, the chamber covers restored to their situa-

tion, and the temperature allowed to rise for fifteen or twenty minutes, when the

operation may be renewed.

77 - All the precautions against loose particles, dust, and soot, that were be-

fore spoken of (66), should be adopted in this operation. In the act of stirring,

the instrument should not be struck carelessly against the bottom or sides of

the tray ; for the platina in this highly heated state is very soft, and a hole

would readily be forced through it ; nor should it be brought forcibly against

the corners, for the metal is in such a favourable condition for welding, that

the least blow upon a doubled part causes adhesion. By merely allowing the

stirrer, when ignited, to sink upon the bottom of the tray rather more hastily

than usual, it has adhered to the place ; and when, for safety, an underlying

plate of platina was used (50), it was always found welded to the tray at

the places which the stirrer had touched a little more forcibly than the ad-

jacent parts, and could not afterwards be separated without leaving holes in

f 2
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the metal. This circumstance was the principal occasion of the advantages

afforded by the use of the underlying plate being given up.

78. The heat which has to be borne during the operation of stirring,

is very considerable, especially upon the hands ; but at such a moment

no retreat from the w6rk, because of mere personal inconvenience, can be

allowed. But the circumstance renders the use of a cover for the stirring hand

very advantageous. I have found a loose linen bag, into which the hand could

go freely, more convenient for this purpose than a glove ; for being in contact

with the skin at distant parts only, the hand is preserved at a much lower

temperature. Two small holes in it, one at the front and the other at the top,

allow the handle of the stirrer to pass obliquely through, by which arrange-

ment it is easily held with firmness, and the bag itself prevented from slipping

towards the glass. It should not be larger than to cover the wrist, or it will

embarrass the movements ;
and it should be very stiffly starched, and ironed,

that no fibrous particles may fly from it to the glass during the stirring.

79. The glass which, adhering to, is brought away with the stirrer, indicates,

by its appearance, the general character and state of that in the tray; but

during its examination, the experimenter must carefully refrain from touching

it; for if the finger, or any other ordinary organic substance, come into contact

with it, the next time the instrument is immersed in the ignited glass, the part

touched Anil produce bubbles. It is therefore of importance that the stirrer

be preserved perfectly clean from one stirring to another, for which purpose it

may be deposited so that the platina shall be received in an evaporating basin,

the mouth of Avhich is afterwards covered over.

80. In entering upon the considerations relative to the bubbles, it will be

evident, from the nature of the materials and the quantity of elastic matter

originally present, that these are at first very numerous. The larger ones soon

ascend to the surface, and breaking, are dissipated without inconvenience

;

but the smaller ones rise with far less readiness, and the smallest have

so little power of elevation, that the general currents in the liquid appear

sufficient to carry them downwards, or in any other direction, and thus retain

them for any period within the mass. A useful idea of the length of time

required for very minute bubbles to ascend through a fluid having some tena-
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city, may be gained by the person who will take a glassful of clear concen-

trated white sugar syrup, and beat it up with a little air, until a portion of the

latter is in extremely minute bubbles. If these are allowed to remain undis-

turbed, it will be observed, that though the larger bubbles rise quickly, and

the smaller soon after, the smallest will continue for many hours under the

surface, destroying the pellucidness of the fluid ; and this will be the case

although there are none of those descending currents, resulting from difference

of temperature, which in the glass assist in retaining the bubbles beneath the

surface.

81. From the great length of time which it required to liberate the bubbles

even from small pieces of glass, and when no stirring was practised, I was

induced to conclude that the evolution of gaseous or vaporous matter had not

ceased upon the first fusion of the materials, but that the glass itself when

highly heated continued to evolve small portions for some time. It occurred to

me also, that in that case its formation might be hastened and the final sepa-

ration advanced by mixing some extraneous and insoluble substance with

the glass, to act as a nucleus, just as pieces of wood, or paper, or grains of

sand, operate when introduced into soda water or sparkling champaign ; in

which cases they cause the gas, which has a tendency to separate from the fluid,

to leave it far more quickly and perfectly than if they had not been present.

82. The substance I resorted to for this purpose was platina in the spongy

state. It was chosen as being a body solid at high temperatures, uninfluenced

by the glass, easily reduced to powder, and likely to retain its finely divided

condition during the operation :—its preparation is described in the Appendix.

In experiments made expressly to ascertain its action, it was found to assist

powerfully in the evolution and separation of the bubbles, and afterwards to

sink so completely to the bottom, that not a particle remained suspended in

the mass. Even stirring does not render it injurious; for the particles, by that

action, are welded to the bottom, and the glass ultimately equally free from

mixture with them.

83. The spongy metal should be perfectly pure. It is easily reduced

to powder by rubbing it with a clean finger on clean paper. No attrition

with a hard substance should be allowed, as that burnishes the metal, and

takes away the roughness, which is highly advantageous in assisting the evolu-
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tion of the bubbles. When reduced to powder, it should be again heated upon

a piece of platina foil in the flame of a spirit lamp.

84. The quantity of powdered platina which I have usually employed has

been about 7 or 8 grains for every pound weight of glass. But in order to

effect its more general and perfect diffusion, I have usually mixed it with ten

or twelve times its bulk of pulverized glass. For this purpose, some of the

rough glass, the same in composition with that to be perfected, has been crushed

small in a clean agate mortar, and the finer parts separated from the coarser on

an inclined and shaken sheet of paper. The former have been then mixed little

by little with the platina, and rubbed slightly with the finger, to effect perfect

separation of the metal, and then the coarser parts have been added, to increase

the bulk. In this state it was ready for use.

85. The time of introducing this prepared platina is, like the times of stir-

ring, as yet under investigation. It has usually been sprinkled from the pla-

tina ladle (28) over the surface of the well-fused and highly-heated glass,

at the period of the first stirring. This method has the advantage of bringing

the assisting substance into contact with the glass when the latter is highly

disposed to throw off its adhering gaseous matter, and also allows of thorough

mixture ; but it also causes the addition of fresh glass after the concoction of

the materials has been proceeding for many hours ; and it likewise occasions

the introduction of many bubbles formed by the air in the interstices of the

powder.

86. On other occasions the prepared mixture of platina and glass has been

introduced into the tray at the period when it was charged with the due quan-

tity of rough glass, and before the application of fire. Particular attention was

then paid to its general diffusion throughout the charge, and on these occa-

sions its action commenced the moment the glass in contact with it was fluid.

I am inclined to believe the latter will ultimately prove the better method of

proceeding, both for the greater length of time during which the platina can

act, and for the facility and convenience of its introduction.

87 . In either mode of appliance the platina has been found highly service-

able; and in every case since its use, where stirring has not been necessary, the

resulting glass has proved to be perfectly free from bubbles.

ss. As already mentioned, the best periods for stirring and repose have not
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been finally determined. Stirring introduces bubbles., and therefore should, if

possible, be avoided towards the conclusion of the experiment. Rest, or at

least that condition in which there is no other motion than what is due to the

currents produced by slight differences of temperature, causes striae even

after very careful mixture (71. 72), and is therefore equally to be feared ; and

whatever other variations may have been adopted, I have always found it im-

portant to apply a careful concluding stirring. The following may be consi-

dered as the order of an experiment. If the spongy platina has not been in-

troduced into the tray with the rough glass, then about the sixth hour after

lighting the fire it is added in the manner already directed (85), and the

glass well stirred (76). At about the twelfth hour the stirrings are recom-

menced, for the purpose of making the mixture perfect, and are repeated

every 20 or 30 minutes, according to the fusibility of the glass and the

state of the heat (60), for 8 or 9 times. The glass is then allowed to

remain at rest for 6 or 8 hours, that bubbles may ascend and be dissipated,

after which it is well stirred twice or thrice more with particular attention,

that if possible no air may be introduced, and is finally mixed for the last

time.

89. This concluding stirring is peculiar, in that it has to be continued until

the glass is so cold and thick that no ascending and descending currents can

be formed in it ; after which its temperature is not again to be allowed to rise

:

hence the operation requires certain preliminary arrangements. The first point

necessary is to clear out a considerable quantity of slag from the flue furnace,

or that part beneath the chamber (47). This slag results from the fused ashes

of all the coke which has been consumed there, with other portions that have

passed on from the coal fire. It is to be drawn on to the bars of the furnace

by a fire-rake which will pass into the passages beneath the chamber. If not

taken out in its fused state, it would be impossible afterwards to remove it

without risk of great injury to the furnace. At the same time that the slag is

removed, all the coke is likewise to be withdrawn. All the fuel in the fire

bars is also to be brought out of the furnace ; and if the bars are embarrassed

with clinkers, they are to be loosened. These things being done quickly and

quietly, and the furnace apertures closed, a few moments are to be allowed for

the little dust that may have been agitated to settle, and then the chamber
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is to be opened and the glass stirred. The heat will have fallen very little by

the preceding operations, and the glass may be well mixed, but with this pre-

caution, that when once the stirrer is beneath the surface, it should not again

be taken out until the conclusion. By opening the feed-hole, or the ash-pit,

air may now be allowed freely to enter the furnace, and will rapidly lower its

temperature, especially at such parts as the bottom of the pan, which are thin

and at this moment exposed to the atmosphere on both surfaces. The tempera-

ture of the glass will fall in a corresponding degree, and the stirring being all

this while continued, though more slowly if convenient, the substance will

gradually thicken, until at last motion will endanger its being pushed out of

the tray, and then the stirrer is to be carefully withdrawn. No currents in the

glass need be feared, for the temperature cannot now rise higher. But a

single cover being put over the tray, and the outer orifice of the air-tube

closed by a good cork, the whole may be left a few minutes to cool still further

for perfect security, until, the glass being supposed to have arrived at the

state of a thick paste, the annealing should commence. Then the ash-pit, the

fire-place, and all the other apertures to the furnace are to be closed ; the se-

cond glass-cover put into its place
;
the chamber shut up by its iron and tile

covers
;
a layer of bricks arranged close together over the whole upper sur-

face of the chamber and furnace; the damper of the flue closed to prevent air

passing through the fire-place, and the whole left to cool gradually for several

days.

90. The interval between the common temperature and that at which the

glass begins to lose solidity and acquire softness, is so much less Avith this va-

riety than with flint glass, that it is probable a much shorter period of time is

required for its perfect annealing than for the latter. That no failure might

occur in this point, however, four days and nights have been allowed for the

annealing of the large plates. If every thing were left as just described, the

contents of the chamber would be warm on the sixth or even the seventh day,

so gradually do the arrangements allow it to cool; but on the morning or the

evening of the third day, according to circumstances, the damper in the flue is

withdrawn a very little to allow the passage of a small quantity of air, and by

this means the cooling facilitated and regulated.

91. When the furnace and its contents arc cold, the chamber is opened; if
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the experiment has been well conducted, every thing- will be found loose, and

unaltered in disposition from what they were when first arranged. The earthen-

ware supports are to be removed, and the tray taken out. After examining

the glass itself, the exterior of the tray should be carefully observed, whether

there be any appearance of leakages either through imperceptible holes or at

the corners, and such places as can be rectified by a patch should be noted in

reference to the future use of the platina.

92. An operation which, to be successful, requires much care, is then to be

performed
;
namely, the stripping off the platina from the glass. The tray

should be placed on clean smooth paper upon a cloth. The corners are one

by one to be opened by a blunt smooth knife, or some softer instrument, from

the side towards which they were folded ;
and being then carefully pulled out-

wards by their extremities, will usually open, so that the platina becomes single

again. Then proceeding from corner to corner, the platina will peel or strip

easily from the sides of the glass, and will remain adhering by the bottom

only. From time to time as fragments of glass are formed, they should be

blown away or otherwise removed, that they may not cut the metal. If now

the glass be placed a little over the edge of the table and firmly held, the pla-

tina may gradually be separated from the bottom in the same manner as from

the sides, and the glass and the metal finally divided from each other without

any injury to the former, and very little to the latter.

93. Immediately upon the separation of the platina, and before it can receive

any mechanical injury beyond what it was impossible to avoid, it is to be put

into a pickle consisting of nitric acid and water, and left there for several days.

The dilute acid acts upon the adhering glass, dissolving and loosening it, and

the plate is thus rendered fit for future operations (41). The stirrers also,

when no longer required in an experiment, should be taken from their iron

handles and put into the same pickling liquor. In this way the platina is

perfectly cleaned, and being afterwards washed carefully in pure water and

ignited, is again ready for use.

94. Such is the nature of the process as practised at present, by which plates

of heavy optical glass seven inches square and eight pounds in weight have been

prepared. I am encouraged to believe that it will admit of improvement, per-

haps even to the full extent of our desires
; but it will require time and patience
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to effect it. As I have before said, we are in the course of our experiments

only ; and up to the last have seen reason to vary the arrangements, and still

intend to make alterations. Every thing agrees to convince me that the size

of the plate is not a circumstance involving any additional difficulty; but that,

on the contrary, it will probably be safer to make a large than a small experi-

ment. We can at pleasure obtain a glass perfectly free from striae, unexcep-

tionable in hardness, and with less colour than crown glass ; but it is the

simultaneous absence of all striae and bubbles, with at the same time that

degree of hardness and colour which will render the glass fit for optical pur-

poses, that I am aiming at, and that I trust shortly to obtain.

95. As soon as the plates of glass are removed from the platina and briefly

examined, they are sent to Mr. Dollond, who then enters upon the discharge

of his particular duties in the Committee, by cutting, examining, and even

working them into telescopes. It is not, however, my place to detail this gen-

tleman’s exertions (as a member of the Glass Subcommittee) in the cause of

science. They will, I trust, appear in due season; and I hope that the want

of perfect success on my part will not long be a cause of delay.

§ 2. General qualities of the heavy Optical Glasses.

96. A great variety of glasses have been formed by the use of different pro-

portions of ingredients. They vary importantly from each other, though by

no means to the extent of the difference existing between any of them and flint

glass. The specific gravity rises very high in borate of lead, consisting of

single proportions, i. e. nearly 24 by weight of boracic acid and 112 of oxide

of lead
; it is often as high as 6.39 or 6.4, being double that of some specimens

of flint glass. In silicated borate of lead, which, in addition to the former

quantities, contains 16 parts, or a proportional of silica, it is about 5.44. As

the proportion of oxide of lead diminishes, so also does the specific gravity

lessen, and it is in some of the specimens as low as 4.2 ;
still permitting by the

proportions present such fusibility and other qualities as consist with the pro-

cess described. The specific gravity of Guinand’s heavy flint glass is about

3.616; that of a specimen of ordinary flint glass 3.290; that of plate glass

2.525/ ; and that of crown glass 2.5448.

9 7- The refractive and dispersive powers of the glasses increase with their



MANUFACTURE OF GLASS FOR OPTICAL PURPOSES. 43

specific gravity, as was to be expected. The powers of two of them, namely

borate of lead, and silicated borate of lead, consisting always, if not otherwise

expressed, of single proportionals, have been ascertained by Mr. Herschel,

and are as follows :

—

Bor. Lend. Sil. Bor. Lead.

Angle of glass prism 29° 6'
. . 30° 26'

Refractive index for extreme red rays . . . p = 2.0430 . . 1.8521

maximum yellow . . . — = 2.0652 . . 1.8735

extreme violet : : . . .
— = 2.1223 . . 1.9135

*

^

Dispersive index = ^ = 0.0740 . . 0.0703

These intense powers upon light are not accompanied by any circumstance

rendering the glass optically unfit for the compensation of the dispersive powers

of crown or plate glass. Three object-glasses have been constructed for the

express purpose of ascertaining this point ; and all of them tend to demonstrate

that the compensation or correction may be effected with equal if not greater

facility than with flint glass.

98. One important circumstance connected with the application of these

glasses to the purposes for which they are designed, is their colour. The great

power they have of developing strong tints from metallic impurities, has been

already described and illustrated (22. 23), and creates a difficulty in the way

of obtaining them unobjectionably free from colour. The usual colour is more

or less of yellow, and is perhaps almost altogether, if not quite, dependent

upon the presence of a little iron. Like many of those dependent upon mineral

substances, it is very much heightened by elevation, and lessened by diminution

of temperature. It is rapidly and permanently diminished by increasing the

proportions either of the silica or the boracic acid. The silicated borate of

lead has latterly been obtained of such faint tint by the precautions relative

to impurities, already described, that, when 9 inches in thickness, white paper

looked at through it in open daylight resembled in appearance and depth of tint

the surface of a lemon. Glass consisting of 1 proportional = 112 oxide of lead,

1 proportional = 16 silica, and 1^ proportional = 36 boracic acid, when 7 inches

in thickness and examined in the same manner, did not give a colour surpassing

that of pale roll sulphur. The tri-borate of lead glass is almost as colourless as

good flint glass, but might perhaps be found objectionable on other accounts.

g 2
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DO. As there is a certain quantity of light intercepted by glass which is alto-

gether dependent upon and in proportion to its colour, it is evident that this

property of the heavy glasses must be considered in relation to their use in

telescopes ; but there appears no reason for supposing they will ultimately

prove inapplicable on this account. The colour of the glass already obtained

is far less in depth than that of the crown glass constantly used in the con-

struction of telescopes, which yet intercepts by its colour no important quan-

tity of light ; and if two plates 8 or 10 inches long, one of the yellow heavy

glass and the other of crown glass, be looked through edgeways, it will be

seen in a moment that the crown glass intercepts by far the most light. The

colour of the glass is of no consequence, otherwise than as causing a loss of

light from interception ; for the tinge which is cast over objects looked at

through a telescope constructed with it is scarcely perceptible to the most

acute eye, and quite unimportant. When to these circumstances is added the

reasonable expectation entertained of removing a large proportion of the little

remaining colour by the use of purified silica (21), it will not be anticipated

that experience will prove the glass faulty in this respect.

100. There is one veiy important action of the glass upon light, however,

which may perhaps interfere more with its application, in telescopes at least, than

any other, i. e. its reflective power. This is very strong in all the heavy glasses,

far stronger than in flint, and exceedingly surpassing the similar power of

crown glass. It is in proportion, as might have been expected, to the refractive

power and the density of the glasses, all these properties increasing with the

oxide of lead. The loss of light occasioned by the reflection from the two sur-

faces of a plate through which a ray is passed, appears to me to be greater

than from the united action of both colour and bubbles in a piece of glass

7 inches thick.

I endeavoured to ascertain the comparative quantities of light reflected by

these heavy and other glasses, in some photometrical experiments made upon

the principle of similar shadows, measuring only the reflexion from the first

surface of the different glasses, that from the second surface being destroyed.

The ray was made incident in all the cases at an angle of 45°. It was obtained

from a small single-wicked lamp a
;
and when reflected, its intensity was

measured by the distance of a similar lamp b, whose direct light cast the
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comparative shadow. The uniformity of the two lights, or at least of their

relation to each other, was established by trials before and after the experi-

ments with the reflecting surfaces, and each surface was tried two or three

times, at intervals, and in a mixed manner
; so that no anticipation of the

result could in any case bias the mind. The following Table shows the results,

small decimals being neglected :

Light a direct

Inches.

• • o©r-l
. . 1 ... . . . 1

5 . . 36.75 . . oGOr—ir-H
i

' • ' 11.8

1 . . 40.69 . . . . 14.46 . . .

1
• * * 14.4

4 . . 43.46 . . . . 16.50 . . .

1
* * * 16.5

9 . . 47.31 . . . . 19.56 . . .

1
• ' ’ 19.5

6 . p-H
COono

. . 22.12 . . .

1
* ' * 22.1

7 • . 51.63 . . . . 23.29 . . .

1
* * * 23.3

3 . . 52.69 . . . . 24.26 . . .

1
* ' * 24.2

8 . . 54.33 . . . . 25.80 . . .

1
' * * 25.8

2 . . 54.56 . . . . 26.02 . . .

1
• • • 26.

The first column refers to the glasses below ; the second gives the distance

of the measuring flame b ; the third, the preceding numbers squared and re-

duced to the direct light as unity; and the fourth, consequently, the proportion

of the light a reflected by the first surface of each glass. No. 5 was glass con-

sisting of 1 proportional of oxide of lead, \ a proportional of silica, and 1^

proportional boracic acid. No. 1 was composed of 1 oxide of lead, 1 silica,

and 1^ boracic acid. No. 4, of 1 oxide of lead, 1^ silica, and 1^ boracic acid.

No. 9 was flint glass ; No. 6, 7 and 3, different pieces of crown glass
; and

No. 8 and 2, different pieces of plate glass. 1
, 3, 5, 6 and 7, were natural

surfaces ; 2, 4, 8 and 9, polished surfaces.

The deficiency of light resulting from the increased reflecting power, though

considerable, may easily be compensated for by slightly increasing the area

of the plate ; and the power of obtaining plates of any size is professed to be

given by the general process : but whether that expedient involves any other

objections, it will be for the optician to determine.

101. In hardness, these glasses differ from each other as much as in any other
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quality, and indeed more. The borate of lead is very soft; the bi-borate of

lead is harder, and the tri-borate equal to flint glass in hardness. The sili-

eated borate of lead is softer than flint glass; but the glass consisting of

I proportional oxide of lead, 1 of silica, and 1^ proportional of boracic acid,

i>< as hard as ordinary flint glass, at the same time that it has that degree

of fusibility, colour, and other properties, which makes it a very promising

variety.

102. The hardness increases with the diminution of the oxide of lead ; but

the fusibility diminishes in the same proportion; and this is a property which

it is essential to preserve to a certain degree for the removal of striae and

bubbles. The borate of lead is so fusible as to soften and lose its form under

the surface of boiling oil. The silicated borate, and the glass consisting of the

proportions above mentioned, are quite fusible enough to allow of the processes

necessary for the removal of striae and bubbles.

103. The fusibility of these glasses, and of glass generally, must not be con-

founded with their relative tendency to soften by elevation of temperature. It

i< not that glass which softens first, that becomes most fluid at a certain given

high temperature
;

for glasses, like other substances, vary in their readiness

to pass into the fluid state. Hence it has often occurred amongst the variety

of compositions tried for glasses, that when the resulting substances have been

placed side by side on platina foil, and heated, that which first softened did not

when heated highly become so fluid as some other specimens that longer

resisted the first impression of heat. It has however always been found that

those glasses which when subjected to a rising temperature, most slowly passed

from the solid to the fluid state, were also those which when subjected to long

annealing processes, were least liable to assume a crystalline structure
; and

thus very useful indications of the probable qualities of compounds under

investigation were often obtained.

104. A most important consideration relative to the application of these

glasses to the construction of telescopes, is their liability to change and injury

bv the action of substances usually occurring in an ordinary atmosphere. When
the value of a good object-glass is considered, frequently amounting to many

hundred pounds, this point will be thought of no little consequence; and when

it is known that even flint and plate glass are frequently injured in this way,
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a little anxiety for the capability of resistance in the heavy glasses may readily

be allowed, since they contain so much less of the substance (silica) which

confers the power of resistance, and so much more of that (oxide of lead)

which is considered as the vulnerable part, than does either of the former kinds.

105. The superficial changes of glass which interfere with its optical uses

are of two kinds. The one is shown by a tarnish upon the surface, which

when strong is iridescent. It is quickly produced by the intentional presence

of sulphuretted hydrogen, which acting upon the oxide of lead present, reduces

it, and forms a sulphuret of lead. It takes place only with flint glass, and is

in every case produced either by sulphuretted hydrogen or other sulphuretted

vapours. In plate glass the change is of another kind, and is shown by the

appearance of minute vegetations or crystallizations, which spread, obstructing

the light wherever they occur. Mr. Dollond, who has shown me cases of

both kinds of injury in flint and plate glass, is inclined to believe that the

latter has, during his long experience, proved most injurious.

106. From the commencement of the experiments it was expected that these

heavy optical glasses would tarnish more than flint glass ;
but as specimens of

borate of lead and other dense compounds of that metal had been retained in

an ordinary atmosphere, without any particular precautions, for long periods of

time, yet without tarnishing, there was encouragement to continue the investi-

gations: and though when specimens were put into atmospheres purposely

contaminated with sulphuretted hydrogen, they tarnished quickly, and much

more than any flint glass, yet it did not follow that they should of necessity

tarnish in the telescope ; especially as, being from the construction of the achro-

matic object-glass inclosed by the tube and the crown or plate glass lens, they

would be considerably protected, and at the same time would admit of the in-

tentional application of extraneous chemical protectors.

107- The kind of protection which occurs to the mind is the application of

such substances to the interior of the tube as, having a strong attraction for

sulphuretted vapours, should continually retain the atmosphere within free

from their presence. Carbonate of lead, precipitated borate of lead or finely-

ground litharge, mixed with the pigment which is usually applied to blacken

the inside of the telescope that all extraneous light may be absorbed, will pro-

bably effect this purpose completely.
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108. A very curious and important influence of alkali in facilitating the tar-

nish of glasses containing oxide of lead, was discovered during the course of

these investigations ; and when the quantity of lead in flint glass is increased

hut a little beyond the ordinary proportions, its effect is powerfully manifested.

Ordinary flint glass consists of 33.28 oxide of lead, 51.93 silica, and 13.77

potassa ; the rest of the substances present, being in very small quantity, may

he disregarded. Here the oxide of lead is 33.28 hundredths of the whole; and

if it he only a little increased, for the purpose of giving greater dispersive

power, the glass is liable to tarnish in an ordinary town atmosphere. Such is

the case with a specimen of Guinand’s glass, which I have analysed, and which

contains 43.05 oxide of lead, 44.3 silica, and 11.75 potassa. But provided the

alkali he away, the quantity of oxide of lead may be enormously increased ; and

a glass containing 64 per cent of oxide of lead, in combination with 36 per

cent of silica, has not tarnished by an exposure for 18 months on the same

shelves with flint glasses that have tarnished. The following case will point

out the effect still more strongly; A combination of equal weights of silica and

oxide of lead was formed, and the compound has shown no tendency to tarnish

in an ordinary atmosphere since February 1828. Eight parts of this was

fused with as much pearlash as was equivalent to 1 part of potassa, and a

glass was formed which has since become much tarnished. But other 8 parts

being fused with 3 parts more of oxide of lead, so as almost to double the pro-

portion of the latter, gave a glass without alkali, which does not yet exhibit

the slightest trace of tarnish.

109. Hence the reason why the absence of alkali has been earnestly insisted

upon in the preparation of the ingredients for the heavy optical glasses (18. 24).

Hence the reason also why heavy flint glass, as already mentioned, has tar-

nished equally with some of the heavier glasses, though containing so much less

lead, and of such inferior specific gravity. This influence of alkali is asso-

ciated with, and perhaps directly referrible to, another circumstance affecting

the liability of change in the glass; 1 mean the action of water or of aerial

moisture, which is frequently considerable, and appears to be dependent

upon the alkali present.

1 10. If a small quantity of flint glass be very finely pulverized in an agate

mortar, then placed upon a piece of turmeric paper, and moistened with a drop
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of pure water, strong indications of free alkali will be obtained. The same

effect is produced by using plate glass ; and if the pulverization be very per-

fect, the alkali can be detected in glasses containing far smaller quantities of

that substance than either of those mentioned. This experiment, due to Mr.

Griffiths, shows that in whatever state of combination the alkali may be, it can

still act upon, and is subject to, the action of moisture ; and that flint glass is

by no means a compound resulting from very strong chemical affinities, is also

shown by an experiment which I made many years ago ;
namely, that if flint

glass be pulverised exceedingly fine, the powder will indicate the presence

of sulphuretted hydrogen in air by becoming blackened, almost as readily as

carbonate of lead. Glass may be considered rather as a solution of different

substances one in another, than as a strong chemical compound
; and it owes

its power of resisting agents generally to its perfectly compact state, and the

existence of an insoluble and unchangeable film of silica or highly silicated

matter upon its surface.

111. The half-combined and hygrometric state of the alkali appears to

be the cause of the deposited film of moisture which is well known to ad-

here to ordinary glass when exposed to the atmosphere at common tempera-

tures. This film is highly calculated to condense any portion of sulphuretted

vapours which may be floating in the atmosphere, and thus bring them into

contact with the oxide of lead under the most favourable conditions for the

production of that action which is the direct cause of tarnish. Now from this

cause of action the heavy glass is free ; and hence a satisfactory reason to me
why the heavy glasses have suffered so little when left with common care in an

usual atmosphere.

112. An extraordinary difference exists between the electrical relations of

this glass and other glasses, due principally to the same absence of alkali.

Ordinary glasses, either flint, plate or crown, will, from the hygrometric film

of moisture upon the surface, freely conduct electricity under common circum-

stances. Thus if a gold-leaf electrometer be diverged, and then touched with

them in their ordinary state, the electricity is instantly discharged, even though

the hand be two or three feet from the part touching the instrument. If a

similar experiment be made with these heavy glasses, they have no sensible

power of discharging the electricity, but insulate as perfectly as sealing-wax
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or gum lac. If one of these plates of glass, without any previous warming

and drying, be lightly brushed or wiped with flannel or silk, it instantly be-

comes strongly electrical, and retains its electricity for a long time ; but it

would be almost impossible to develop electricity by such slight means with

flint or plate or even crown glass in a similar state. Hence the glass makes

as good an elcctrophorus as lac or resin, and may probably be found hereafter

to answer many useful electrical purposes. But the great point at present in

view, is the proof which such electrical properties give of the absence of that

film of moisture which is so constant upon other glasses.

1 13. All these circumstances are favourable to the opinion that the heavy

glass will not be found objectionable in the construction of telescopes, because

of any undue tendency to tarnish, and especially when precautions are taken

to protect it from sulphuretted vapours in the manner before described (107).

No difficulty can be anticipated in preserving the air within a limited and in-

closed space free from such a contamination : to preserve it dry, if that had

been necessary, under the different circumstances of varying temperature and

the inevitable change of the air more or less frequently, would have been a far

more difficult task.

1 14. The other kind of superficial change, i. e. the corrosion or crystalliza-

tion which takes place principally on plate glass, is doubtless also due to the

alkali present. Sometimes, indeed, specimens of glass may be found where

the alkali being too abundant, a similar but more extensive action has taken

place over the whole of the surface, and the glass falls off in scales. Whether

the alteration be due to the action of the alkali on the water only, or on the

carbonic acid and other substances it finds in the air, or to its united action on

all together, is of little consequence at present, as the substance on which it

depends is altogether absent from the glass under consideration.

1 15. Among the great number of glasses made, there arc several of different

composition, which have been selected, because of their general characters and

properties, for more extensive trial and investigation when time will permit.

Of these it would be useless to speak at present, as what might be stated of

them now would probably require correction from future experiments. Up to

this period the attention has been devoted, as it still must be for a while, to

the establishment of a process which, competent to produce with certainty a
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glass fitted for optical purposes, may have the philosophy and practice of every

part so fully ascertained, as to be capable of description in a manner sufficiently

clear to enable any other person, with moderate care, to obtain the same results

without the labour of long and tedious investigation.

Appendix.

Rough glass furnace.

The only furnace for making rough glass which has been constructed, answers

its purpose exceedingly well; and though if a second were to be made, it should

be upon a larger scale, yet I think it better to describe the tried one accurately,

than to direct alterations which have not been experimentally approved of

;

especially as there seems to be nothing which, in principle, need differ in a larger

furnace. An iron box (see fig. 1. & 2.) 30 inches long, 14 inches wide, and 8^

inches deep, forms the principal part of the exterior : it is open entirely at the

top, and at the bottom also, in the fore part, where a fire-grate is to be placed.

It has a common iron furnace door in front, the aperture of which is 8 inches

wide by 6 inches high ; and at the opposite end, or back of the furnace, a

flanched aperture 6^ inches by 4^ for a piece of funnel pipe to connect the

furnace with a powerful flue. The sides of this box, and such part of the bot-

tom as is not appropriated for the fire-grate, are lined with fire-stone 1|- inch

in thickness, except in the fire-place, where it is 2f. The grate is 12 inches

long by 8 wide ; and the part above it is closed by a fire-tile 2 inches thick

and 12 inches square, which, resting on the edges of the lining, finishes the

portion intended for the coal fire, leaving it 5|- inches in depth from the cover-

ing tile to the grate. The other part is covered by an iron plate 17^ inches

long, 13 inches wide, and fths of an inch thick, which, resting upon the edges

of the lining, incloses a space of 16 inches long, 10 inches wide, and 5 inches

deep, for the reception of crucibles. This plate is formed with circular holes

about 3 inches, or rather more, in diameter, arranged as in the engraving, that

h 2
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the crucibles inserted through them may leave plenty of room for the inter-

vention of coke and flame. As many round crucible covers belong to the

plate as there are holes, serving to close such of them as are not occupied by

crucibles.

As the plate becomes very hot when in use, it is necessary to have a second

above it, which may be formed of sheet-iron with corresponding holes, and

when put into its place, separated from the first, a little space, by pieces of to-

bacco pipe, or other convenient substance, to include a layer of air. But it is

much better for the retention of heat, and also for its superior cleanliness, that

this second plate should consist of pieces of earthenware fitted to each other,

so as to cover the surface of the iron plate, from which it should also be sepa-

rated by a short interval.

The crucibles used are 5 inches high outside, 3| inches diameter at the top,

and 2 inches diameter at the bottom. They are of pure porcelain biscuit, per-

fectly white and clean. They should be made as thin as possible, of the finest

and most refractory kind of ware, and baked at a high temperature. We have

some crucibles made about thirty years ago for Mr. Hatchett, which, though

not of the size required, are precisely the right kind of ware. They have been

used many times in succession without cracking or being importantly acted

upon by the glass, and no sensible degree of impurity was given to it from

them.

When these crucibles are arranged in the furnace, they should be supported

by little stands of earthenware, formed out of brick or Cornish tile, so that

their edges shall rise about the % or ^rd of an inch above the surface of the

upper covering plate, that no impurity may enter them. The holes in the plate

should be of such dimensions that, when hot, the crucibles may fit loosely, that

they may be uninjured, and also that there may be room between for the va-

pours that are evolved from the mixture to pass away.

The covers to the crucibles are evaporating basins about 4\ inches in dia-

meter. They arc slung with their edges downwards by a piece of platina wire

sufficiently strong for the purpose, which being first bent at the middle into an

angle, is then stretched across the outside of the basin, and has its ends bent

round the opposite edges of the latter. The bent extremity of an iron rod

passed under the loop thus formed over the middle of the bottom, serves to
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raise and remove the cover from place to place. When a crucible is in use,

the cover should be arranged over it in such a manner as not to touch the ves-

sel, but rest by its edges on the earthenware plate around.

The platina stirrers in use with this furnace have been before described

(28. 75) fig. .3 . The platina ladle consists of a small crucible of that metal

riveted to a platina wire, and that made fast by a screw to an iron rod. (fig. 4.)

The use and manner of working this furnace will be well understood from

the above description, and what has before been said (26, &c.). The crucible

should never be suddenly heated or cooled. The coke may be fed and ar-

ranged at such of the crucible holes as are out of use at the time. From the

very valuable effects of a trough of water under the fire bars (45) experienced

in the larger furnace, one is constantly used in that just described.

Finishing furnace.

This furnace on the outside is a parallelopiped, principally of brickwork, built

against a wall, 64 inches in length from the fire front to the beginning of the flue,

against which it is built, 45 inches wide, and 28 inches high. (fig. 5. 6 . & 7-) It is

the only one that has yet been built, and, for the reasons before given, shall be

described exactly as it is. The fire-place is at one end, and the course of the

flame and smoke is directly from that to the other end, and then immediately

into the upright flue. The fire-place is 15 inches from back to front, 13 inches

wide, and 11^ inches from the arched roof to the bars. Its outward side, or

that from the wall, is 18^ inches in thickness of brickwork, which is intended

to give stability to the structure. The mouth of the fire-place is an aperture

8 inches by 6 inches, made in a piece of fire-stone 7 inches inwards from the

front of the brickwork : its lower edge is level with a fire-stone sill, which,

extending forwards from the fire-place to the outer surface of the brickwork,

forms a shelf, on which two bricks stand, that serve in place of a door to close

the mouth of the furnace. The ash-pit is 25 inches long, 12 inches wide

under the fire, and 10 inches high to the bars. A trough made of rolled iron,

riveted together, and 5\ inches high on the sides, occupies its lower part.

This being preserved full of water, is sustained at the boiling temperature by

the radiation of heat and the hot ashes which fall into it.

From the back part of the fire-place, and 2 inches above the level of the fire-
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bars, the brickwork is carried on horizontally until close to the stack. The

sides of this part are perpendicular, and 12 inches apart : they are continued

upwards to the top of the brickwork 14 inches unbroken, except that at 5

inches from the bottom they are thrown back ^rd of an inch so as to form a

ledge there. This ledge is for the purpose of receiving the edges of certain fire-

tiles, which, when put in, form the top of the flue and at the same time the

bottom of the glass chamber ; but the whole is so constructed, that the tiles

can be put in and taken out at pleasure without disturbing the rest of the

work. The side or rather end of the chamber nearest the fire is constructed

of a fire-tile, which terminates and faces the brick arch over the fire-place, and

extends from the surface of the brickwork downwards 9 inches to the side ledges

before described : the further end of the chamber is finished in a similar way,

and beyond that the flue is carried in the most convenient and direct manner,

but without any unnecessary contraction, into the stack or chimney. The

length of this upper aperture, afterwards constituting the chamber, is 25 inches,

its breadth 12f inches. When the bottom tiles are in their places, they leave

a depth of 5 inches for that part of the furnace or flue beneath the chamber,

which is also 38 inches from the fire to the end, and, with the exception of cer-

tain supports in it, is 12 inches wide.

These supports are built in with the bottom of the flue. They are essential

to the permanency and regularity of the bottom of the glass chamber, and re-

quire considerable nicety in their arrangement. They consist of fire-bricks

placed up on end, so that their narrowest surfaces are towards the ends of the

furnace, their sides or broadest exposed surfaces parallel with the sides of the

furnace itself. They rise to the same height above the bottom of the flue as

the ledges on the sides of the brickwork, or 5 inches, and with them, form the

support for the bottom tiles. There are three of them in our furnace, placed

in a line equidistant from the two sides of the flue; and being 2\ inches thick,

they leave spaces for the passage of flame and the reception of coke, which are

\% inches in width. The first of these is two inches from the back edge of the

fire, and in that direction extends 4 inches
;
the second is 4 inches from the

first ; and fl inches beyond that one is the third.

During the action of the furnace, coke is supplied to this part, and arranged

through two holes level with this space, and wrought in the side of the furnace
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by leaving* out a brick. They are made to occur nearly opposite the spaces be-

tween the supports seen when looking across the course of the flame, and are

stopped by the insertion of loose bricks, and a piece of paper put before the

place, which adheres from the pressure inwards of the atmosphere. These

holes, being in the thickness of the walls of the furnace, are 17 inches long.

The tiles which form the bottom of the chamber and top of the flue, are of

Cornish ware (52. 53), or at least the one which constitutes the half nearest

the fire is of that material ; but the other, which is not so highly heated, and

never has to be moved, may be some other ware, and 2| inches in thickness.

The tile nearest the fire has to transmit heat to the glass, and if of Cornish

ware, and supported as described, is abundantly strong when fths of an inch

in thickness. It should be nicely adjusted by grinding (53), and when fitted

in, the edges should be made close by a little fire lute.

There is a part of the furnace not yet mentioned, which must be arranged as

the structure is raised. This is the air tube (55). It is of glazed porcelain, and

passes horizontally through the side of the furnace, so that its inner aperture is

2 inches from the end of the glass chamber, and its lower edge level with the

upper surface of the Cornish tile constituting the bottom, whilst the outer end

is flush with the outside surface of the brickwork. Its length is 17 inches, its

internal diameter fths of an inch. The short pieces of adjusting tube (55) are

6, 7, and 8 inches in length, and iVths of an inch internal diameter : their ends

are usually finished obliquely.

All those parts of the furnace which are in contact with or near the fire, are

of the best fire-bricks laid in loam ; but the sides of that part of the cavity

already described, which form the glass chamber, are fire-tiles, and they rise

about an inch above the neighbouring brickwork, forming a raised edge all

round, which, at the same time that it better excludes dirt than if level with

the rest of the work, also allows the covers of the glass chamber to apply more

closely. These covers are three wrought-iron plates, each |th of an inch in

thickness and 16 inches long; but their widths vary, and are 7? 10, and 12

inches. These put side by side cover the mouth of the chamber, but varied in

juxta-position, allow of more or less of the chamber being opened at once,

according to whatever the experiment may require ; each has a short solid

handle fixed to the middle of the upper surface.



56 MR. FARADAY ON THE

Besides the iron covers, there are a set of earthenware covers, consisting of

6 square tiles each If inch thick(62). These are notched to receive the handles

of the iron covers, and being put together over them, constitute a covering of

earthenware, which very importantly assists in retaining the heat.

The tiles and brick used in the annealing process (89) are the ordinary dry

varieties, with some pieces of various sizes, to allow of the close adjustment of

the whole.

The earthenware supporting blocks (5/) required for the arrangement and

support of the platina tray should be formed out of some kind of flat unglazed

ware containing as little iron as possible, and should be of various thicknesses,

sizes, and forms, although parallelopipeds are the most usual. They should

not be of such substance as is liable to fly or send oft' anything when heated

;

and when any portion of glass adheres to them, it should either be cleared off or

the piece thrown away. The Cornish tile before described (52. 53) is excellent

for this use, and may be sawn, rasped or ground into any shape required.

The glass covers (60, &c.) that have yet been used were merely inverted eva-

porating basins. They answer the required purpose exceedingly well, except

that, when large, they are too strong, too heavy, and too deep. Some covers

for the purpose are therefore in progress, and as they only have to support their

own weight and hold together, they are to be thin. The covers should be of

very refractory and highly baked ware ; it may be desirable to have them very

slightly glazed, to keep them clean, and prevent the absorption of any sub-

stance which might send off vapours injurious to the glass.

The lire tools required for this furnace will suggest themselves. Amongst

the rest should be a pair of tongs which will readily lay hold either of the

earthenware tile or the iron covers ; a slag and coke rake (89) ; and a stoking

iron, with its extremity bent, for the purpose of breaking the clinkers off the

bars from beneath upwards.

Preparation of spongy platina.

The platina used for this preparation should be pure, and may be the refuse

pieces resulting from such plate and foil as has been in use for trays in former

experiments. This, after being taken out of the pickle (93), and condemned

as useless for other purposes in the glass-house, should be trimmed from all
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alloyed parts, if any such are adhering to it, and then digested in a Florence

flask, with a mixture of five measures of strong muriatic, one measure of

strong nitric acid, and three measures of water. But little heat should be

applied at first until the action diminishes. According to Dr. Wollaston, one

ounce of platina will be dissolved by about four ounce measures of such acid,

and it is advantageous to have a considerable excess of platina present. The

solution obtained is to be precipitated by a strong solution of muriate of am-

monia ; a bright yellow pulverulent substance will fall, and a mother liquid

having more or less colour remain. The precipitate being allowed to subside,

the liquor is to be poured off, and the former then washed with two or three

portions of water. The washing liquors and the mother water may afterwards

be concentrated together
;
but it is better not to prepare spongy platina for

this particular use from these fluids, but only from the precipitate which falls

on adding the muriate of ammonia.

The yellow precipitate, when washed, is to be dried on a filter, or in a basin,

and then decomposed by the application of a dull red heat. This may be

done in a clean white earthenware crucible. The heat should be continued

until vapours cease to arise ; but this will be found a long operation, in con-

sequence of the low temperature which is to be applied, and the exceeding-

bad conducting power of platina for heat when in this spongy state. The

reduction may also be performed by putting the precipitate upon a piece of

platina foil in a layer about -Lth of an inch in thickness, and covering it with

another piece of foil
;
a spirit lamp will then suffice to reduce the metal, but

the foil and powder must be turned occasionally, that both sides may be ex-

posed to the flame. The platina will appear as a dull grey spongy metallic

mass. It should be broken up, mingled, and then again heated to insure the

dissipation of all volatile matter.

After this is done, the platina should be rubbed to powder by the clean

finger, or clean paper (83), heated slightly a third time, and then preserved

in a clean and well stoppered bottle.
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II. Account of Levellings carried across the Isthmus of Panama, to ascertain

the relative height of the Pacific Ocean at Panama and of the Atlantic at the

mouth of the river Chagres ; accompanied by Geographical and Topographical

Notices of the Isthmus. By John Augustus Lloyd, Esq. Communicated

by Captain Sabine, Secretary of the Royal Society.

Read November 26, 1829.

In November 1827 I received a special commission from General Bolivar

to make a survey of the Isthmus of Panama and Darien, in order to ascertain

the best and most eligible line for a communication (whether by road or canal)

between the two seas. On my arrival in Panama in March 1828 I was joined

by a brother officer of Engineers, a Swede in the Colombian service, a good

mathematician and of habits of great correctness in observation.

Upon consulting together, we found that we could combine the particular

object of the commission with a second object in which we both felt a deep inter-

est, namely, the determination of the relative height of the ocean on either side

of the Isthmus ; and that we could best accomplish both, by taking a part of

the present line of road between Porto Velo and Panama, until we should fall

in with the river Chagres about twenty miles above Cruces, which village is

the usual landing-place for all articles of commerce in their transit from the

North Sea to Panama.

To avoid delay, we commenced our operations on the 5th of May, although

the rainy season had for some days set in ; being resolved to overlook the

absence of personal comfort, the unhealthiness of the season to a European

constitution, the inadequacy of our means, and various other difficulties

unnecessary to enumerate, as we finally succeeded in surmounting them.

The instruments used for the levelling were,—A 20-inch spirit level of

Carey’s best construction, with extra telescopes, levels, shade tubes, &c., which

I received from the museum at Bogota ; a pair of excellent station staves

made by Harris and graduated as usual, with vernier scales added by myself

to read off to thousandths of a foot when required ; Gunter’s chains
;
an

i 2
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excellent 10-inch theodolite by Carey; and a very fine altitude and azimuth

circle for the survey.

Our first level commenced at the end of the street called Calle Sal si Puede

in the suburbs of Panama and at the point of a bay called Playa Prieta, at

spring tide high-water mark, observed two days after full and change, which I

had subsequently the opportunity of verifying on my return to Panama, and of

ascertaining that it was 3.03 feet lower than the extreme rise of occasional tides

under the influence of particular winds. From this point we followed the old

road to Porto Velo, and after 732 pairs of levellings in a distance from Panamfi of

1828 chains (22f miles), we arrived at the banks of the Chagres on the 30th of

June, 633.32 feet being the greatest height we had passed over; and after

building a secure station on the bank 169.84 above the level of high water

mark in the Pacific, we finished our operations for that year, on account of the

great inclemency of the season, the sickness and debility of the people employ-

ed, and from our own constitutions beginning to suffer by continued exposure

to incessant rains, with generally no other covering than tents and ranchos or

small huts built by ourselves.

On the 7th of February 1829, the dry season having for some time set in, we

resumed our levelling at the station at which we had desisted the year before,

having the instruments in good repair; and having descended to a station on

the river fixed on for the purpose, we found the surface of the water to be 152.55

feet a ove high-water mark in Panama.

W e now followed the course of the river, and were enabled thereby to take

longer levels than before, which were made with the greatest possible care, re-

ducing the observations to the true levels by the most exact tables for the

curvature of the earth.

After 68 pairs of levellings we arrived at Cruces in a distance of 1545 chains

(19-j miles), and found a fall in the river of 114.60 feet, leaving only 37-96

feet above the Pacific. Having nearly 50 miles more to descend, and finding

so great a fall in 19 miles, we were led to expect a greater fall than 37-96 feet

in the remaining distance; and consequently, at this stage of our operations, to

apprehend that we should find the level of the sea at Panama to be higher than

at the mouth of the Chagres.

From Cruces to a town called Gorgona, distant 419 chains (5^ miles), there is
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a fall of only 16.13 feet, and thence to a small gravel bank named by us “Playa

de los Injenieros,” distant altogether 1302 chains (16f miles) from Cruces,

we found a fall from Gorgona of 21.82 feet, to a station precisely level with

the high-water mark of spring tides in the Pacific, still being 34 miles from

the mouth of the river. From this point we descended below the level of high-

water-mark of the Pacific, until we arrived at a place called Palo Matias,

distant from Cruces 2682 chains (33^ miles), and from the commencement of

the levels in the river 4227 chains (52^ miles) : at this point we first observed

the effects (slight as they were) of the tides of the North Sea, and the height of

the water was 13.65 feet below the high-water mark at the Pacific
; this we

therefore concluded to be the level of high-water mark in the Atlantic. We
however continued our levellings 507 chains further, to a place called La Bruja,

nearly 12 miles distant from the mouth of the Chagres, where the water in the

dry season is very brackish, and from whence there is no perceptible current to

the sea: here we found the level of the surface of the water, by several observa-

tions at the time of high water in Chagres, to be 13.55 feet below the high-water

mark in the Pacific, being 0.1 of a foot less than at Palo Matias, the difference

being occasioned by our not having observed the tides at the former place so

correctly as at the latter, as we determined to finish the observations at La

Bruja. After 935 pairs of levellings, therefore, in a distance of nearly 82 miles,

we found high-water mark in the Pacific to bel3.55 feet higher than high-water

mark at La Bruja, which, from the circumstances above mentioned, is consi-

dered to be the high-water level of the Atlantic at Chagres.

The details of all the operations connected with the levellings are contained

in a manuscript deposited in the library of the Royal Society ; they are further

illustrated by a section of the whole on the scale of four inches to a mile.

No proof levels were taken. I was aware, from the commencement, of the na-

ture of the task I had entered upon, and knew too well that if I had the good

fortune to be able to persevere a sufficient time to carry the levelling across the

Isthmus, I should be but little capable of remaining during a third year,

which such verification would have required. I therefore adopted such a

scrupulous and rigid mode of proceeding as would render a verification

unnecessary, and prevent the intrusion of even a trifling error ;
an important

one I am bold to say was nearly impossible. In the whole distance overland

to the river Chagres, my companion being employed with the chain, I was
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assisted by a Spaniard whom I had previously instructed in the management

of the station staff. By means of signals I made him adjust the cross-piece

correctly to the horizontal wire of the telescope ; he then brought me the

staff, which I read off and noted down the reading ; he resumed his station,

1 examined the level again, adjusted the staff, recalled the Spaniard, and

read off a second time.

From the Chagres to the last level my companion had the station staff

himself, which when adjusted to the cross-wires was read off by him. I then

re-examined the level, adjusted the staff a second time, and he again read off,

writing down the two observations in distinct books, which were compared in

the evening. The instrument itself I proved on most days after work, by

making a set of 8 or 10 levellings in a circle ; returning in the last station

to the point from which I first started, and finding the sum of the differences

of the levellings amount to zero.

The point from which the levellings commenced at Panama is marked by

a large stone cut for that purpose in the wall at the edge of the sea in Playa

Prieta ; and the concluding point at La Bruja, by a tree cut down to the exact

height marked in the Observation Book above the surface of the water : the

height of the section of the tree is G.848 feet below the level of high-water

spring tide at Panama. No better means of marking this level presented itself

at La Bruja ; but by a reference to the manuscript detail of the observations

preserved in the library, several stations are to be found in the vicinity which

are not liable to decay.

By careful and continued observations, I found the rise and fall of the tide

in the Pacific at Panama as follows : between the extreme elevation and

depression of the waters by occasional tides there is a difference of 2/.44 feet,

and the mean actual rise and fall two days after full moon is 21.22 feet.

At Chagres I observed the rise and fall of the tide at the close of the dry

season in April 1829 to be 1.1G foot, and being there subsequently during the

rainy season, I had an opportunity of observing that the high-water mark was

the same in both seasons.

The time of high water is nearly the same at Chagres and at Panamfi, namely

at 3h 20m at full and change: hence the following interesting and curious phe-

nomena arc deductible in respect to the difference of level of the two seas.

First.—Iligh-water mark at Panama is 13.55 feet above the high-water mark
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of the Atlantic at Chagres ;
half the rise and fall of spring tides is at Panama

10.61 feet, and at Chagres 0.58 of a foot ; and assuming half the rise and fall

above the low water of spring tides to be the respective mean levels, the mean

height of the Pacific at Panama is 3.52 feet higher than that of the Atlantic

at Chagres*.

Second.—At high water, the time of which is nearly the same on both sides

the Isthmus, the Pacific is raised at mean tides 10.61 feet, and the Atlantic

0.58 of a foot, above their respective mean levels
; the Pacific is therefore the

highest at such times by (10.61—0.58+3.52=) 13.55 feet.

Third.—At low water, both seas are the same quantities below their re-

spective mean levels ; therefore at such times the Pacific is lower than the

Atlantic by (10.61— 0.58—3.52=) 6.51 feet.

In every twelve hours therefore, and commencing with high tides, the level

of the Pacific is first several feet higher than that of the Atlantic
;
it becomes

then of the same height, and at low tide is several feet lower : again, as the tide

rises the two seas are of one height, and finally at high tide the Pacific is again

the same number of feet above the Atlantic as at first.

Almost every person who visits Panama from the Atlantic side is disposed to

think that the country rises from the Atlantic to the Pacific. The ascent of

the river Chagres, particularly when swollen by rains and its current rendered

more than usually rapid, is very toilsome
; and on reaching Cruces after a four or

five days tedious journey, a traveller is impressed with the persuasion that he has

gained a considerable elevation above the sea that he has quitted : this im-

pression is not diminished by the journey to Panama, which is mostly through

rough and rugged passes, continually ascending and descending ; and when,

on arriving in the savannahs, a few miles from Panama, the city is beheld for

the first time with its conspicuous cathedral, the general exclamation is, “I

thought Panama had been near the level of the sea.” Such is actually its

situation ;
but as the valley from which it is first seen is several feet below the

level of the sea, the first and strong impression produced, is that the city stands

upon an eminence.

* The author is aware that there are different opinions with regard to what is the mean level of the

ocean; the assumption in the text is conformable to his own opinion, but as the data are given from

which the conclusions are drawn, every person is furnished with the means ofmaking his own deductions.



64 MR. LLOYD’S ACCOUNT OF LEVELLINGS

Topographical and Geographical Notices.

In the map which accompanies this memoir, the coast line on both sides the

Isthmus is taken from the best Spanish authorities, including some very recent

corrections ;
the interior is wholly from my own observations.

The district which extends from Panama along the old road to Porto Veto,

as far as its meeting with the river Chagres, and for three to five miles on

either side, is from a survey made by my companion Captain Falmarc and

myself, whilst levelling through this part of the country, in the operations

already described. The angles and bearings were taken with a 10-inch

theodolite by Carey, with a needle as exact as could be provided for an

instrument of that size. On a separate plan (in MSS. deposited in the

Society’s library,) are marked the stations of the survey, and the intersection

of the bearings taken from them. The principal stations are as follows:—
The Cerros or Mountains of Ancon, Caledonia, Vidrio, Lirio, Algarobo,

Pelado, Largo, Gordo, San Sonati, Alto, de Las Lajas, Maria Henrique,

Grenadilla, &c.

From these stations, the surrounding country was sketched at once on the

rough map : the same mode was continued from the point where the levellings

intersected the river Chagres to the mouth of the river, including as much of

the surrounding country as could be laid down by intersecting bearings, taken

on either side the river.

The country west of the road from Cruces to Panama, including a few miles

of the coast by Arayjan and Chorrera, was traversed in various directions with

a compass, every accessible eminence was ascended, and views taken of the

country.

The country between the northern banks of the river Chagres and the North

Sea was examined and sketched in an excursion in which I ascended the river

Gatun, with a boat compass, and crossed from thence on foot by the gold

mines of Santa Rita, (where is gained a fine view of the northern coast to La

Ensenada de las Minas,) and thence to the sea beach : from this point I

pursued the coast line to Porto Velo, and rccrossed the Isthmus to Panamfi on

foot, in the route marked in the map, which is the old and only road from Porto

Velo to Panamd, taking careful bearings from eminences over which I passed,
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and gaining as many views of the surrounding country as I possibly could,

by climbing the highest trees with a small tomahawk, particularly noticing

the direction and figure of the Cordillera to the east and west.

The more direct line from Porto Velo to Panamfi, passing through the river

Chagres at a place called Calle Limon, is laid down from a manuscript fur-

nished by a Spaniard, who with a circumferentor and a cord of 200 varas crossed

from Porto Velo to Panama as nearly north and south as possible.

It is generally supposed in Europe that the great chain of mountains which

in South America forms the Andes and in North America the Mexican and

Rocky Mountains, continues nearly unbroken through the Isthmus. This

however is not the case : the northern Cordillera breaks into detached moun-

tains on the eastern side of the province of Veragua. These are of consider-

able height, extremely abrupt and rugged, and frequently exhibit an almost per-

pendicular face of bare rock. To these succeed numerous conical mountains

rising out of savannahs and plains, and seldom exceeding from 300 to 500 feet

in height. Finally, between Chagres on the Atlantic side, and Chorrera on the

Pacific side, the conical mountains are not so numerous, having plains of

great extent interspersed, with occasional insulated ranges of hills of incon-

derable height and extent. From this description it will be seen that the spot

where the continent of America is reduced to nearly its narrowest limits, is

also distinguished by a break for a few miles of the great chain of mountains,

which otherwise extends, with but few exceptions, to its extreme northern and

southern limits.

This combination of circumstances points out the peculiar fitness of the

Isthmus of Panama for the establishment of a communication across.

On the east of the line from Panama to the Bay of Limon, the mountains

again commence, gradually thicken, and become more elevated until they con-

nect and form Cordilleras extending from Porto Velo to the Bay of Mandinga,

from whence there is another break in the province of Darien and Choco, after

which the land rises into a Cordillera on a very extended scale and of very

great elevation.

Two lines are marked on the map, commencing at a point near the junction

of the rivers Chagres and Trinidad, and crossing the plains, the one to Chorrera

and the other to Panama. These lines indicate the directions which I consider

MDCCCXXX. K
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the best for a rail-road communication. The principal difficulty in the establish-

ment of such communication would arise from the number of rivulets to be

crossed, which, though dry in summer, become considerable streams in the

rainy season.

The line which crosses to Chorrera is much the shortest, but the other line

has the advantage of terminating in the city and harbour of Panama.

The country intersected by these lines is by no means so abundant in woods

as in other parts, but has fine savannahs, and throughout the whole distance, as

well as on each bank of the river Trinidad or Capira, presents flat and sometimes

swampy country, with occasional detached sugar-loaf mountains, interspersed

with streams that mostly empty themselves into the Chagres.

Should a time arrive when a project of a water communication across the

Isthmus may be entertained, the river Trinidad will probably appear the most

favourable route. The river is for some distance both broad and deep. Its

banks are also well suited for wharfs, especially in the neighbourhood of

the spot from whence the lines marked for rail-road communications com-

mence.

As the river Chagres has been greatly dwelt on in the writings of those who

have discussed the probability of communications being established between the

two seas, and as considerable expectations have been formed of the facilities it

might afford towards a water communication, I have given a separate plan of the

river from its mouth to the point at which it was intersected by the levellings.

(This plan will not admit of reduction within the compass of the plates in the

Philosophical Transactions, but will remain in the Society’s library, where it

may be consulted. A plan of the river on a less minute scale is contained in

the general map.)

The distances along the river were measured by a strong line of 10 chains

in length, substituted for the usual measuring chain, properly subdivided, and

its length occasionally verified
; the cord was borne usually by five men, but

when required in the shallow and rapid water, by as many as ten men
;
and

when the water became too deep for the men to wade, canoes were employed

to stretch the line. The soundings were taken by a man with a sounding line

marked to half feet, seated behind me in the canoe ;
so that I could observe the

line myself at every cast. The casts were generally between 30 and 40 yards
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from one another, and the depth of water was inserted in a sketch of the river

which I was at the same time engaged in making.

The river, its channel, and the banks, which in the dry season embarrass its

navigation, are laid down in the manuscript plan with great care and minute-

ness. It is subject to one great inconvenience, that vessels drawing more than

12 feet water cannot enter the river, even in perfectly calm weather, on account

of a stratum of slaty limestone, which runs, at a depth at high water of 15

feet, from a point on the main land to some rocks in the midle of the

entrance of the harbour, and which are just even with the water’s edge
; which,

together with the lee current that sets on the southern shore, particularly in

the rainy season, renders the entrance extremely difficult and dangerous. The

accompanying plan of the harbour will sufficiently explain the inconveniencies

it is liable to.

The value of the Chagres considered as the port of entrance for all

communications, whether by the river Chagres, Trinidad, or by rail-roads

across the plains, is greatly limited from the above-mentioned cause. It would

prove in all cases a serious disqualification, were it not one which admits

of a simple and effectual remedy, arising from the proximity of the Bay of

Limon, otherwise called Navy Bay, with which the river might easily be con-

nected : the coves of this bay afford excellent and secure anchorage in its

present state, and the whole harbour is capable of being rendered, by obvious

and not very expensive means, one of the most commodious and safe harbours

in the world.

By the good offices of H. M. consul in Panamd, and the kindness of the

commander of H.M. ship Victor, I obtained the use of that ship and her boats in

making the accompanying plan of this bay. The shores are laid down trigono-

metrically from a base of 5220 yards, the situation of which is marked
; and the

soundings were taken by myself with the assistance of the master. It will be

seen from this plan that the distance from one of the best coves (in respect to

anchorage) across the separating country from the Chagres, and in the most

convenient track, is something less than three miles to a point in the river

about three miles from its mouth.

I have traversed the intervening land, which is particularly level, and in all

respects suitable for a canal, which, being required for so short a distance, might

k 2
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well be of sufficient depth to admit vessels of any reasonable draft of water,

and would obviate the inconvenience of the shallow water at the entrance of

the Chagres.

1 have felt that I might be expected to state my own opinion of the mode that

offers tbc greatest facility for communications across the Isthmus, since my

examination and surveys were made for that specific purpose, and I have ac-

cordingly done so ; but I have endeavoured at the same time to render the to-

pographical representation of the country sufficiently detailed to enable others

to draw such conclusions as may perhaps deserve to be preferred to mine, with

almost as much advantage as if they had themselves visited the country.

For the opportunities that I have thus enjoyed of contributing correct topo-

graphical knowledge of a part of the world, which from its peculiar locality has

attracted much philosophical and commercial interest, I am indebted to the

authority and support which I received from General Bolivar
; I am also

indebted to his liberality for permission to make public the information I

have acquired.

In a country in many respects so unsettled, it will readily be imagined that

the authority and countenance, derived from a Government far from the spot,

are not alone sufficient to enable a foreigner to carry through operations so ex-

tensive and long-continued as mine were. I am sensible that I could not have

completed them, had it not been for the frequent assistance and constant

support, which I received from the friendship of Malcolm MacGregor, Esq.

II. M. consul at Panama.
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III. On the law of the partial polarization of light by reflexion. By

David Brewster, LL.D. F.R.S. L. 8$ E.

Read February 4, 1830.

In the year 1815 I communicated to the Royal Society a series of experiments

on the polarization of light by successive reflexions, which contain the germ

of the investigations, the results of which I now propose to explain.

From these experiments it appeared that a given pencil of light could be

wholly polarized at any angle of incidence, provided it underwent a sufficient

number of reflexions, either at angles wholly above or wholly below the maxi-

mum polarizing angle, or at angles partly above and partly below that angle ;

and it was scarcely possible to resist the conclusion, that the light not polarized

by the first reflexion had suffered a physical change at each action of the

reflecting force which brought it nearer and nearer to the state of complete

polarization. This opinion, however, which I have always regarded as demon-

strable, appeared in a different light to others. Guided probably by an expe-

rimental result, apparently though not really hostile to it. Dr. Young and

MM. Biot, Arago, and Fresnel, have adhered to the original opinion of Malus,

that the reflected and refracted pencils consist partly of light wholly polarized,

and partly of light in its natural state ; and more recently Mr. Herschel has

given the weight of his opinion to the same view of the subject.

Under these circumstances I have often returned to the investigation with

renewed zeal
; but though the frequent repetition of my experiments has more

and more convinced me of the truth of the conclusions which I drew from them,

yet I have not till lately been able to place the subject in a satisfactory aspect,

and to connect it with general laws, which give a mathematical form to this

fundamental branch of the science of polarization.

If we consider a pencil of natural light as divided into two pencils polarized

in rectangular planes by the action of a doubly refracting crystal, and conceive

the light of these two pencils to return back through the crystal, it will obvi-

ously emerge in the state of natural light. When we examine the pencil thus

recomposed, or when we examine a pencil consisting of two oppositely polarized

pencils superposed, we shall find that they comport themselves under every
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Fig. 1.

analysis exactly like common light
; so that we are entitled to assume such a

pencil as the representative of natural light, and to consider every thing that

can be established respecting the one, as true respecting the other.

In applying this principle to the analysis of the phenomena produced by
reflexion, I placed the planes of polarization of the compound beam in the

plane of reflexion
; but though this led to some interesting conclusions, it did

not develope any general law. I then conceived the idea of making the plane

of reflexion bisect the right angle formed by the planes of polarization
; and in

this way I observed a series of symmetrical effects at different angles of inci-

dence, which threw a broad light over the whole subject.

In order to explain these results, let AB
(Fig. 1.) represent the two pencils of oppo-

sitely polarized light as separated by double

refraction
; let a b, c d be the directions of

their planes of polarization, forming a right

angle aec, and let the plane of reflexion MN,
of a surface of plate glass, bisect the angle

uec, so that the planes a b, cd form angles

of + 45° and — 45° with the plane M N. Let

a rhomb of calcareous spar have its prin-

cipal section now placed in the plane of re-

flexion.

At an incidence of 90°, reckoned from the perpendicular, the reflected images

of A and B suffer no change, the angle a e c is still a right angle, and the four

pencils formed by the calcareous spar are all of equal intensity. As the inci-

dence however diminishes, the angle a e c diminishes also, and the ordinary and

extraordinary images of A and B differ in intensity. At an incidence of 80° for

example, the angle a e c is reduced from 90° to 66°
;
at 70° it has been reduced

to 40°, and at 56° 45', the maximum polarizing angle, it has been reduced to 0°;

that is, the planes of polarization ab,cd are now parallel. Below the polarizing

angle, at 50°, the axes are again inclined to each other, and form an angle of

22°. At 40° they form an angle of 50°, and at 0°, or a perpendicular incidence,

they are again brought back to their primitive inclination of 90°. Taking MN
to represent the quadrant of incidence from 90° at M, to 0° at N, the curves,

90', O', show the progressive change which takes place in the planes of polari-
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zation, the plane of polarization being a tangent to the curve at the incidence

which corresponds to any particular point of it.

When we employ a surface of diamond in place of glass, the inclination of

the axes ab,c d is reduced to 46° at an incidence of 80°, to 8° at an incidence

of 70°, and at 67° 43' the axes become parallel.

Such being the action of the reflecting forces upon A and B taken separately,

let us now consider them as superposed and forming natural light. At 90° and

0° of incidence, the reflecting force produces no change in the inclination of

their axes or planes of polarization
;
but at 56° 45' in the case of glass, and

67° 43' in the case of diamond, the axes of all the particles are brought into

a state of parallelism with the plane of reflexion ; and consequently when the

image which they form is viewed by the rhomb of calcareous spar, they will all

pass into the ordinary image, and thus prove that they are wholly polarized in

the plane of reflexion.

All this is entirely conformable to what has been long known: but we now

see that the total polarization of the reflected pencil at an angle whose tangent

is the index of refraction, is effected by turning round the planes of polarization

of one half of the light from right to left, and of the other half from left to right,

each through an angle of 45°. Let us now see what takes place at those angles

where the pencil is only partially polarized. At 80° for example, the angle of

the planes ab,c d is 66°, that is, each plane of polarization has been turned

round in opposite directions from an inclination of 45° to one of 33° with the

plane of reflexion. The light has therefore suffered a physical change of a

very marked kind, constituting now neither natural nor polarized light. It is

not natural light, because its planes of polarization are not rectangular
; it is

not polarized light, because they are not parallel. It is a pencil of light having

the physical character of one half of its rays being polarized at an angle of 66°

to the other half. It will now be asked, how a pencil thus characterized can

exhibit the properties of a partially polarized pencil, that is, of a pencil part of

whose light is polarized in the plane of reflexion, while the rest retains its

condition of natural light. This will be understood by replacing the analysing

rhomb with its principal section in the plane of reflexion, and viewing through

it the images A and B at 80° of incidence. As the axis of A is inclined 33° to

MN or the section of the rhomb, the ordinary image of it will be much brighter
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than the extraordinary image, the intensity of each being in the ratio of cos 2
<p

to sin 2
<p, <p being the angle of inclination, or 33° in the present case. In like

manner the ordinary image of B will be in the same ratio brighter than its

extraordinary image, that is, by considering A and B in a state of superposi-

tion, the extraordinary image of a pencil of light reflected at 80° will be fainter

than the ordinary image in the ratio of sin 2 33° to cos 2 33°. But this inequality

in the intensity of the two pencils is precisely what would be produced by a

compound pencil, part of which is polarized in the plane of reflexion, and part

of which is common light. When Malus, therefore, and his successors ana-

lysed the pencil reflected at 80°, they could not do otherwise than conclude

that it was partially polarized, consisting partly of light polarized in the plane

of reflexion, and partly of natural light. The action of successive reflexions,

however, afforded a more precise means of analysis, in so far as it proved that

the portion of what was deemed natural light had in reality suffered a physical

change, which approximated it to the state of polarized light ; and we now see

that the portion of what was called polarized light was only what may be called

apparently polarized ; for though it disappears, like polarized light, from the

extraordinary image of the analysing prism, yet there is not a single particle of

it polarized in the plane of reflexion.

These results must be admitted to possess considerable interest in them-

selves ; but, as we shall proceed to show, they lead to conclusions of general

importance. The quantity of light which disappears from the extraordinary

image, is obviously the quantity of light which is really or apparently po-

larized at the given angle of incidence ; and if we admit the truth of the law of

repartition discovered by Malus, and represented by P00 = P0 cos 2 cp, and

Poe = P0 sin 2
p, and if we can determine <p for substances of every refractive

power, and for all angles of incidence, we may consider as established the ma-

thematical law which determines the intensity of the polarized pencil, whatever

be the nature of the body which reflects it,—whatever be the angle at which

it is incident,—whatever be the number of reflexions which it suffers, and

whether these reflexions are all made from one substance, or partly from one

substance and partly from another.

The first step in this investigation is to determine the law according to which

i reflecting surface changes the plane of polarization of a polarized ray. This
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subject was first examined by Malus, but not with that success which attended

most of his labours. Before I was acquainted with what had been done by

M. Fresnel, or with the experiments of M. Arago on glass and water, I had

made a number of very careful experiments on the same subject, and had re-

presented them by formulae founded on the law of the tangents. These

formulae, however, I found to be defective ; and I am persuaded, from a very

extensive series of experiments, that the formulae of Fresnel are accurate ex-

pressions of the phenomena under every variation of incidence and refractive

power. If i is the angle of incidence, i' the angle of refraction, x the primitive

inclination of the plane of the polarized ray to the plane of reflexion, and <p the

inclination to which that plane is brought by reflexion, then, according to

Fresnel, we have

Tan <p — tan x
cos (z + z

7
)

cos (z — z
7
)

When x is 45°, as in the preceding observations, then tan x = 1, and we have

Tan <p = cos (z + z
7
)

cos ( i — i'Y

In these formulae, which'are founded on the law of the tangents, i + i' is the

supplement of the angle which the reflected ray forms with the refracted ray ;

while i — i’ is the angle which the incident ray forms with the refracted ray, or

the deviation produced by refraction.

These formulae have been verified by M. Arago at ten angles of incidence

upon Glass, and four upon Water ; but his experiments were made only in the

case where x is 45°, and where tan x disappears from the formula. As my

experiments embrace a wider range of substances, and also the general case

where x varies from 0° to 90°, I consider them as a necessary basis for a law

of such extensive application.

The first series of experiments which I made was upon Plate Glass, in which

the maximum polarizing angle was nearly 56° : hence I assume the index of

refraction to be 1.4826. The following were the results:

MDCCCXXX. L
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Plate Glass.

Inclination of Plane of Polarization

Angle of

Incidence.

Angle of

Refraction.

to Plane of Reflexion.

Observed. Computed. Difference.

90° . 0° 0'
. o

o
lO Cn

o
O 0° o'

88 . . 42 23 . . . 43 4 . . 42 49 . . +0 35

86 . . 42 17 • . . 40 43 . . 40 36 . • +0 7

84 . . 42 8 . . . 38 47 . . 38 22 . . +0 25

80 . . 41 37 • . . 33 13 . . 33 46 . . —0 33

75 . . 40 40 . . . 28 45 . . 27 41 . . "T 1 4

70 . . 39 20 . . . 22 6 . . 21 3 . . +1 3

65 . 37 41 . . . 14 40 . . 13 53 . • +0 47

60 . . 35 45 . 6 10 . 6 16 . . -0 6

56 . . 34 0 . . . 0 0. 0 0 . 0 0

50 . . 31 22 . 9 0. 9 0 . 0 0

45 . . 28 29 . . . 16 55 . . 16 31 . . -f 0 24

40 . . 25 42 . . . 22 37 . . 23 1 . . —0 24

30 . . 19 43 . . . 32 25 . . 33 19 . . —0 54

20 . . 13 20 . . . 39 0 . . 40 4 . .—14
10 . 6 44 . . . 44 0 . . 43 49 . . +0 11

These results, obtained in every part of the quadrant, completely establish

the accuracy of the formula. The differences are all within the limits of the

errors of observation, and amount, at an average, to 32^' on each observation.

It is a curious circumstance, which I believe has not before been remarked,

that at an incidence of 45° the deviation produced by refraction, or i—i 1

,
is, in

every substance, the complement of the angle of refraction i to 45°
; and in the

action of all substances upon polarized light at an incidence of 45°, the rotation

of the plane of polarization of a pencil polarized + 45°, or — 45°, is equal to

t he angle of refraction; while the inclination of the plane of polarization to

the plane of reflexion, or <p, is equal to the deviation i—i.

In order to establish the accuracy of the formula for different degrees of

refractive power, I made the following experiments on Diamond, in ivhich the

index of refraction was 2.440.
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Diamond.

Angle of

Incidence.

Angle of

Refraction.

Inclination of Plane of Polarization

to Plane of Reflexion.

Observed. Calculated. Difference.

COO
o 0'

. 24° 12' . O'
o

o O'
o

o 0° o'

85 0 . 24 6 . . . 34 30 . . 33 56 . . +0 34

80 0 . 23 48 . . . 24 0 . . 23 12 . . +0 48

75 0 . 23 19 . . . 14 30 . . 13 8 . . +1 22

70 0 . 22 39 . . . 4 30 . . 3 54 . . +0 36

67 43 . 22 17 . ..00 . . 0 0. 0 0

60 0 . 20 47 . . . 12 30 . . 11 41 . . +0 49

50 0 . 18 18 . . . 24 0 . . 23 30 . . +0 30

These differences, which at an average amount to 46|', are also within the

limits of the errors of observation.

In all these experiments the value of x was 45°
; but in order to determine

the law of variation for <p, when x varies from 0° to 90°, I took a crystal of

quartz with a fine natural surface parallel to its axis ; and I found that at an

angle of incidence of 75°, and when x was 45°, the inclination of the plane of

polarization to the plane of reflexion was 26° 20'. I then varied x, and obtained

the following results :

lues of x.
Inclination of Plane of Polarization.

<p Observed, <p Calculated.
Difference.

0°
. ... 0° 0' .

0° 0' . .
0° 0'

10 . ... 4 54 . 4 29 . . . . +0 25

20 . ... 10 0 . . . 10 16 . . . . — 0 16

30 . ... 15 50 . . . 16 2 . . . .
— 0 12

35 .
'.

. . 20 0 . . . 19 12 . . . . +0 48

40 . ... 23 30 . . . 22 40 . . . . +0 50

45 . ... 26 20 . . . 26 27 • • ..-07
50 . ... 30 0 . . . 30 40 . . . . -0 40

55 . ... 35 30 . . . 35 23 . . ..+07
60 . ... 40 0 . . . 40 45 . . . . —0 45

70 . ... 53 0 . . . 53 49 . . . . —0 49

80 . ... 70 0 . . . 70 29 . . . . -0 29

90 . ... 90 0 . . . 90 0 . . 0 0

l 2
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In these experiments the average error does not exceed half a degree. The

third column is computed by the formula tan <p = (tan 26° 27') tan x.

From these experiments it appears that the formula expresses with great

accuracy all the changes in the planes of polarization which are produced by a

single reflexion, and we may therefore apply it in our future investigations.

Let us now suppose that a beam of common light composed of two portions

A, B, (Fig. 2.) polarized + 45° and — 45° to the

plane of reflexion, is incident on a plate of glass at

such an angle that the reflected pencil composed of

C and D has its planes of polarization inclined at

an angle <p to the plane M N. When a rhomb of

calcareous spar has its principal section in the plane

M N, it will divide the image C into an extraordinary

pencil E and an ordinary one F ;
and the same will

take place with D, G being its extraordinary and H its ordinary image. If we
represent the whole of the reflected pencil or C + D by 1, then C =
D = E + F = 1 ,

and G + H = 1 . But since the planes of polarization of

C and D are each inclined <p degrees to the principal section of the rhomb, the

intensity of the light of the doubly refracted pencils will be as sin2 cp
: cos2 <p

;

that is, the intensity of E will be £ sin2 <p, and that of F, £ cos2
<p. Hence it

follows that the difference of these pencils, or ^ sin2 <p — -i cos2
<p, will express

the quantity of light which has passed from the extraordinary image E into

the ordinary one F, that is, the quantity of light apparently polarized in the

plane of reflexion M N. But as the same is true of the pencil D, we have

2 (^ sin2 <p
—

£ cos2
<p

)

or sin2 <p
— cos2

<p for the whole of the polarized light

in a pencil of common light C + D. Hence, since sin2 <p -f- cos2
(p
—

1

and cos2
<p = 1 — sin2 <p, we have for the whole quantity of polarized light

Fig. 2."

Hut

Q = 1 — 2 sin2 <p.

Tan (p= tan x
cos (z + t)

cos (z — z
7
)

Tan2
(p

sin2 p

cos 'Z'
and sin2 (p + cos 2

<p = 1,And as
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we have the quotient and the sum of the quantities sin2 <p and cos2
<p, by which

we obtain

Sin2 <p =
l

l

^tan.r
cos (z + ipy j

cos (i — i')/

1 +

^tan x

^tan x

cos (z + i')\
2

cos ( i — i')

)

cos (z + z
7
)\

2

cos (z — i')J

That is Q = 1 — 2

^tan x

1 + ^tanar

cos (z + z
7
)\

9

cos (i — z
7
)

)

cos (i + 2
V
)\

3

cos (i — i
1

)/

As the quantity of reflected light is here supposed to be 1 , we may obtain an

expression of Q in terms of the incident light by adopting the formula of

Fresnel for the intensity of a reflected ray. Thus

Q 1 (
SA

2 Vsi

sin9 (i — i') . tan2 [i — i

+
sin2 (z + i') ' tan8

(z + i

„
<

fcos [i + i')\
9

^cos (z — i')) \w
1 + i

(cos (z + i'))O
\cos (i — i')J

As tan x = 1 in common light, it is omitted in the preceding formula.

This formula may be adapted to partially polarized rays, that is, to light

reflected at any angle different from the angle of maximum polarization, pro-

vided we can obtain an expression for the quantity of reflected light.

M. Fresnel’s general formula has been adapted to this species of rays, by

considering them as consisting of a quantity a of light completely polarized in

a plane making the angle x with that of incidence, and of another quantity

1 — a in the state of natural light. Upon this principle it becomes

sin9 (i — i
1

) 1 + a cos9 x tan2
{i — ?') I — a cos9 x.

sin9 (i + i
]

) 2
"* tan2

(i — i') 2

But as we have proved that partially polarized rays are rays whose planes of

polarization form an angle of 2 x with one another as already explained, i

being greater or less than 45°, we obtain a simpler expression for the intensity

of the reflected pencil, viz. the very same as that for polarized light.

sin 4
(£ — i

')

sin
9
(i + i')

COS2 X +
tan9 (z — i<)

tan 9
(z + z

7
)

sin2 xI



78 DR. BREWSTER ON THE LAW OF

I Ience we have

/sin* (?' — i')

\sin*(* + z
1

)

COS2 X +
tan9

(z — z
1

) . „
r

—

o
;

-.r\ Sin2
tan (

z

4- z')

tan x
cos (Z + V)

— 2
cos (

i

zJLLY
- i'))

1 +
'

.

cos (i + i
tan x

Y- rs
\ COS (

l

— z')

!

!1)
i'))

This formula is equally applicable to a single pencil of polarized light of the

same intensity as the pencil of partially polarized light. In all these cases it

expresses the quantity of light really or apparently polarized in the plane of

reflexion.

In order to show the quantity of light polarized at different angles of inci-

dence, I have computed the following table for common light, and suited to

glass in which m = 1.525.

Plate Glass.

Angle of

Incidence

i.

Angle of

Refraction

i'.

Inclination of Plane
of Polarization to

Plane of Reflex-

ion, Q.

Quantity of Light
reflected out of
1000 Rays.

Quantity of Pola-
rized Light Q,

Ratio of Polar-

ized to Reflected

Light.

O

0
/

0
O /

0 0 45 6 43.23 0 0

10 0 6 32 43 51 43.39 1.74 0.04000

20 0 12 58 40 13 43.41 7.22 0.16618

25 0 16 5 37 21 43.64 11.6 0.26388

30 0 19 81 33 40 44.78 17-25 0.3853

35 0 22 6 29 8 46.33 24.37 0.5260

40 0 24 56 23 41 49*10 33.25 0.6773

45 0 27 37± 17 22| 53.66 44.09 0.82167

50 0 30 9 10 18 61.36 57.36 0.9360

56 45 33 15 0 0 79-5 79-5 1.000

60 0 34 36 5 4| 93.31 91.6 0.9628

65 0 36 28 12 45 124.86 112.7 0.90258

70 0 38 2 18 32 162.67 129.80 0.79794

75 0 39 18 26 52 257.26 152.34 0.59154

78 0 39 54 30 44 329.95 157.67 0.47786

79 0 40 4 31 59 359.27 157.69 0.43892

80 0 40 13 33 13 391.7 156.6 0.40000

82 44 40 35 36 22 499.44 145.4 0.29112

84 0 40 42 38 2 560.32 134.93 0.2408

85 0 40 47 39 12 6l6.28 123.75 0.2008

86 0 40 51 40 22.7 676.26 108.67 0.16068

87 0 40 54 41 32 744.11 89.83 0.12072

88 0 40 57£ 42 42 8 19.9 65.9 0.0804

89 0 40 58 43 51 904.81 36.32 0.04014

90 0 40 58 45 0 1000.0 0 0.0000

As the preceding formula is deduced from principles which have been either

established by experiment or confirmed by it, it may be expected to harmonize
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with the results of observation. At all the limits where the pencil is either

wholly polarized or not polarized at all, it of course corresponds with experi-

ment : but though in so far as I know there have been no absolute measures

taken of the quantity of polarized light at different incidences, yet we are for-

tunately in possession of a set of experiments by M. Arago, who has ascertained

the angles above and below the polarizing angle at which glass and water

polarize the same proportion of light. In no case has he measured the absolute

quantity of the polarized rays ; but the comparison of the values of Q at those

angles at which he found them in equal proportions, will afford a test of the

accuracy of the formula. This comparison is shown in the following table, in

which col. 1. contains the angles at which the reflecting surface polarizes equal

proportions of light
; col. 2. the values of <p or the inclination of the planes of

polarization ; and col. 3. the intensities of the polarized light computed from

the formula.

Angles of

Incidence i.

Inclination of Planes of
Polarization to M N, or <p.

Proportion
Polarized Light

Glass : No. 1.
f 82° 48' .

{24 18 .

. . . 37° 33' . .

... 37 21 . .

. . .2572

. . .2637

No. 2.
("82 5 . ... 36 47 • . . . .2828

{26 6 . ... 36 0 . . . . .3090

No. 3.
f78 20 . ... 32 38 . . . . .4186

\29 42 . ... 33 1 . . . . .4064

Water : No. 4.
f 86 31 .

\ 16 12 .

... 41 54 . .

... 41 27 . •

. . .1080

. . .1236

The agreement of the formula with experiments made with as great accuracy

as the subject will admit must be allowed to be very satisfactory. The differ-

ences are within the limits of the errors of observation, as appears from the

following table :

Deviations from Part of the

Experiment. whole Light.

Glass: No. 1. 0.0065 .... T-|^r

No. 2. 0.0262 . . . . -gV

No. 3. 0.0122 . . . . -gV

Water: No. 4. 0.0156 ....
M. Arago has concluded, from the experiments above stated, that equal

proportions of light are polarized at equal angular distances from the angle of
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complete polarization. Tims in Glass No. 1. the mean of 82° 48' and 24° 18'

i» 53° 33', which does not differ widely from the maximum polarizing angle, or

which M. Arago considers as the maximum polarizing angle of the glass*.

In order to compare this principle with the formula, I found that in Water

No. 4. the angle which polarizes almost exactly the same proportion of light as

the angle of 86° 31', is 15° 10', the value of <p being 41° 54' at both these angles ;

but the mean of these is 50° 50' in place of 53° 11'; so that the rule of M. Arago

cannot be regarded as correct, and cannot therefore be employed, as he pro-

poses, to determine the angle of complete polarization

The application of the law of intensity to the phenomena of the polarization

of light by successive reflexions, forms a most interesting subject of research.

No person, so far as I know, has made a single experiment upon this point,

and those which I have recorded in the Philosophical Transactions for 1815,

have, I believe, never been repeated. All my fellow labourers, indeed, have

overlooked them as insignificant, and have even pronounced the results which

flow from them to be chimerical and unfounded. Those immutable truths,

however, which rest on experiment, must ultimately have their triumph ; and

it is with no slight satisfaction, that, after fifteen years of unremitted labour, I

am enabled not only to demonstrate the correctness of my former experiments,

but to present them as the necessary and calculable results of a general law.

When a pencil of common light has been reflected from a transparent sur-

face, at an angle of 61° 3' for example, it has experienced such a physical

change, that its planes of polarization form an angle of 6° 45' each with the

plane of reflexion. When it is incident on another similar surface at the same

angle, it is no longer common light in which x — 45°, but it is partially pola-

rized light in which x=6° 45'. In computing therefore the effect of the second

(

cos (i -f- i j\

cos (i"—~F)) ’
^Ut

’

as the value of x is always in the same ratio to the value of tp, however

great be the number of reflexions, we have tan 0 = tan" <p for the incli-

nation 0 to the plane of reflexion produced by any number of reflexions n,

* Hence we have assumed m = 1.428, the tangent of 55°, in the preceding calculations,

t It is obvious that the rule can only be true when m — 1.000; so that its error increases with

the refractive power.
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<p being the inclination for one reflexion. Hence when 6 is given by observation,

we have tan <p = The formula for any number n of reflexions is there-

/cos (

i

-f- i!\\ n

fore tan & = ( 7
^——

)

. It is evident that 6 never can become equal to 0°;
\COS (l + l

)

)

'l ’

that is, that the pencil cannot be so completely polarized by any number of

reflexions at angles different from the polarizing angle, as it is by a single

reflexion at the polarizing angle ; but we shall see that the polarization is

sensibly complete in consequence of the near approximation of 6 to 0°.

I found, for example, that light was polarized by two reflexions from glass

at an angle of 61° 3', and 60° 28' by another observation. Now in these cases

we have

Two reflexions at 61° 3'

60 28

6 after

1st Reflexion.

6° 45' .

5 38 .

6 after

2nd Reflexion.

0° 47' .

0 33 .

Quantity of

Unpolarized Light.

. 0.00037

. 0.00018

The quantity of unpolarized light is here so small as to be quite inappreciable

with ordinary lights.

In like manner I found that light was completely polarized by five reflexions

at 70°. Hence by the formula we have

Values of 6. Unpolarized Light.

1 reflexion at 70° 20° 0' . . . . 0.23392

2 7 32 ... . 0.03432

3 2 45 ... . 0.00460

4 1 0 . . . . 0.00060

5 0 22 ... . 0.00008

The quantity of unpolarized light is here also unappreciable after the 5th

reflexion.

In another experiment I found that light was wholly polarized by the sepa-

rating surface of glass and water at the following angles

:

Values of 6. Unpolarized Light.

By 2 reflexions at 44° 51' . . .
0° 56' . . . 0.0005

By 3 42 27 . . . 0 26 . . . 0.0001

In all these cases the successive reflexions were made at the same angle ;

but the formula is equally applicable to reflexions at different angles,

—

1. When both the angles are greater than the polarizing angle.

( Unpolarized Light.

1 reflexion at 58° 2', and 1 at 67° 2'
. .

0° 34' . . 0.0002

MDCCCXXX. M
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2. When one of the angles is above and the other below the polarizing- angle.

6 Unpolarizcd Light.

1 reflexion at 53°, and 1 at 58° 2'
. .

0° 12' . . 0.000024

This experiment requires a very intense light, for I find in my journal that

the light of a candle is polarized at 53° and 78°.

cos (* + if)

In reflexions at different angles, the formula becomes tan & =
cos (I + I')

cos (i — i )

X cos +
~
r

~

)

’
^ anc^ 1 being the angles of incidence. In like manner if a

, b, c,

(1, e, &c. are the values of or 6 for each reflexion, or rather for each angle of

incidence, we shall have the final angle or tan 6
— tan a X tan b X tan c X

tan d, &c.

It is scarcely necessary to inform the reader that when a pencil of light

reflected at 58° 2' is said to be polarized by another reflexion at 67° 2', it only

means, that this is the angle at which complete polarization takes place in dimi-

nishing the angle gradually from 90° to 67° 2', and that even this angle of

67° 2' will vary with the intensity of the original pencil, with the opening of the

pupil, and with the sensibility of the retina. But when it shall be determined

experimentally at what value of <p, or rather at what value of Q, the light entirely

disappears from the extraordinary image, we shall be able by inverting the

formula to ascertain the exact number of reflexions by which a given pencil of

light shall be wholly polarized.

As the value of Q depends on the relation of i and i', that is, on the index of

refraction, and as this index varies for the different colours of the spectrum, it

Is obvious that Q will have different values for these different colours. The

consequence of this must be, that in bodies of high dispersive powers, the unpo-

larized light which remains in the extraordinary image, and also the light

which forms the ordinary image, must be coloured at all incidences
; the

colours being most distinct near the maximum polarizing angle. This neces-

sary result of the formula, I found to be experimentally true in oil of cassia, and

various highly dispersive bodies. In realgar for example <p is = 0 at an angle

of C9° 0' for blue light, at 68° 37' for green light, and at 6G° 49' for red light.

Hence there can be no angle of complete polarization for white light, which I

also found to be the case by experiment
; and as Q must at different angles of

incidence have different values for the different rays, the unpolarized light must

be composed of a certain portion of each different colour, which may be easily

determined by the formula.
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Such are the laws which regulate the polarization of light by reflexion from

the first surfaces of bodies that are not metallic. The very same laws are

applicable to their second surfaces, provided that the incident light has not suf-

fered previous or subsequent refraction from the first surface. The sine of the

angle at which <p or Q has a certain value by reflexion from the second surface,

is to the sine of the angle at which they have the same value at the first surface,

as unity is to the index of refraction. Hence <p and Q may be determined by

the preceding formulae after any number of reflexions, even if some of the re-

flexions are made from the first surface of one body and the second surface

of another.

When the second surface is that of a plate with parallel or inclined faces,

its action upon light presents curious phenomena, the law of which I have de-

termined. I refer of course to the action of the second surface at angles less

than that which produces total reflexion. This action has hitherto remained

uninvestigated. It has been hastily inferred, however, from imperfect data ;

and the erroneous inference forms the basis of some optical laws, which are

considered to be fully established.

Among the various results of the preceding investigation, there is one which

seems to possess some theoretical importance. If we consider polarized rays

as those whose planes of polarization are parallel, then it follows that light

cannot be brought into such a state by any number of reflexions, or at any

angle of incidence, excepting at the angle of complete polarization. At all

other angles the light which seems to be polarized, by disappearing from the

extraordinary image of the analysing rhomb, is distinguished from really po-

larized light, by the property of its planes of polarization forming an angle

with each other and with the plane of reflexion. At the polarizing angle, for

example, of 56° 45' in glass, the light reflected is 79-5 rays, and it is completely

polarized, because the planes of polarization of all the rays are parallel ; but at

an angle of incidence of 80°, where 392 rays are reflected, no fewer than 157

appear to be polarized, though their planes of polarization are inclined 66° 26'

to each other, or 33° 13' to the plane of reflexion. This appearance of polari-

zation, when the rays have only suffered a displacement in their planes of

polarization from an angle of 90°, which approximates them to the state of

polarized light, arises from the law which regulates the repartition of polarized

light between the ordinary and extraordinary images produced by double re-

m 2
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fraction, and shows that the analysing crystal is not sufficient to distinguish

light completely polarized from light in a state of approach to polarization.

The difference, however, between these two kinds of light is marked by most

distinctive characters, and will be found to show itself in some of the more

complex phenomena of interference.

In my paper of 1815, already referred to, I was led by a distant view of the

phenomena which I have now developed, to consider common light as composed

of rays in every state of positive and negative polarization*
;
and upon this

principle the whole of the phenomena described in this paper may be calcu-

lated with the same exactness as upon the supposition of two oppositely po-

larized pencils. Nothing indeed can be simpler than such a principle. The

particles of light have planes, which are acted upon by the attractive and

repulsive forces residing in solid bodies ;
and as these planes must have every

possible inclination to a plane passing through the direction of their motion,

one half of them will be inclined — to this plane, and the other half + • When

light in such a state falls upon a reflecting surface, the — and the -f- particles

have each their planes of polarization brought more or less into a state of

parallelism with the plane of reflexion, in consequence of the action of the

repulsive force upon one side or pole of the particle through which the plane

passes ;
while in the particles which suffer refraction, the same sides or poles

are by the action of the attractive force drawn downwards, so as to increase

the inclination of their planes relative to the plane of incidence, and bring

them more or less into a state of parallelism with a plane perpendicular to

that of refraction.

The formulae already given, and those for refracted light which are contained

in another paper, represent the laws according to which the repulsive and at-

tractive forces change the position of the planes of polarization ; and as we

have proved that the polarization is the necessary consequence of these planes

being brought into certain positions, we may regard all the various phenomena

of the polarization of light by reflexion and refraction, as brought under the

dominion of laws as well determined as those which regulate the motions of

the planets.

sillerly
,
December 25, 1829.

* M. Biot has followed me in this opinion. See Traite dc Physique, tom. iv. p. 304.
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IV. A Report on the stomach of the Zariffa. By Sir Everard Home, Bart.,

Vice-President of the Royal Society .

Read December 24, 1829.

Having submitted to the King the following- report upon the stomach of

the Zariffa, I am sanctioned by His Majesty’s entire approbation in laying it

before the Royal Society.

The stomach consists of four cavities, like those of all quadrupeds that chew

the cud. The internal surface of the paunch differs in nothing from that of

the bullock, but in the projecting parts being more prominent. In the second

cavity the cells met with in other ruminants are too superficial to retain water.

The third and fourth cavities in every respect resemble those of the bullock.

The more minute structures of these parts are distinctly shown in the an-

nexed Plates.

As the only peculiarities in the Zariffa’s stomach are in the second cavity,

comparative views are given of this cavity with that in the bullock and sheep.

In considering the structure of the different parts of the stomach of rumi-

nating animals, there can be no doubt that any peculiarity met with in par-

ticular tribes is to serve the purpose of enabling them more readily to subsist

upon the food which is intended by nature for their use. Of this the reservoirs

for water in the stomach of the camel are a remarkable instance. In the bul-

lock and sheep the cud formed of grass in its return after the second mastica-

tion into the stomach is rendered dry, and when it drops into the second

cavity requires being re-moistened before it can be spread between the membra-

nous folds of the third cavity ; this is effected by the water contained in the

cells with which this cavity is furnished. In the Zariffa the cud formed from the

leaves and twigs of the acacia is so succulent as not to require being again

moistened in passing through the second stomach, and therefore that cavity

in this animal is not furnished with cells of the same depth as in the other

animals that chew the cud.
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Explanation of the Plates.

Plate VI.

A front view of the stomach of the zariffa, on a reduced scale of 4 inches

for a foot.

Plate VII.

A back view of the same.

Plate VIII.

Fig. 1
.—A portion of the first cavity of the zariffa’s stomach ; natural size.

Fig. 2.—A very small portion of the same ; magnified 4 diameters.

Fig. 3.—A portion of the second cavity of the zariffa’s stomach ; natural size.

Fig. 4.—A very small portion of the same
;
magnified 4 diameters.

Fig. 5.—A portion of the third cavity of the zariffa’s stomach ; natural size.

Fig. 6.—A very small portion of the same ; magnified 4 diameters.

Fig. 7.—A portion of the first cavity of the bullock’s stomach ; natural size.

Fig. 8.—A very small portion of the same
; magnified 4 diameters.

Fig. 9.—A portion of the second cavity of the bullock’s stomach ;
natural size.

Fig. 1 0.—A portion of the first cavity of the sheep’s stomach ; natural size.

Fig. 1 1
.—A very small portion of the same ; magnified 4 diameters.

Fig. 12.—A portion of the second cavity of the sheep’s stomach, in which the

cells are deeper than in the zariffa’s stomach, but less so than

in the bullock’s stomach ; natural size.
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V. On the production of regular double refraction in the molecules of bodies

by simple pressure ; with observations on the origin of the doubly refracting

structure. By David Brewster, LL.D. F.R.S. L. 8$ E.

Read February 11, 1830.

In various papers already printed in the Philosophical Transactions, I have had

occasion to show that the phenomena of double refraction may be produced arti-

ficially by certain changes in the mechanical condition of hard and soft solids *

In all these cases the phenomena are related to the form of the mass in which

the change is induced ; and in the case of hard and elastic solids, they vary

with any variation of form which alters the mechanical state of the particles.

In isinglass and other bodies to which double refraction has been communi-

cated by induration, the particles take a permanent position, which is not altered

by any change of shape ; but still the phenomena exhibited by a given portion

of the mass are related to the surfaces where the indurating cause operated,

and also to those by which the isinglass was bounded ; and they depend on

the position which that portion occupies in the general mass.

In all these cases the phenomena are entirely different from those of regular

crystals, and in none of them is the doubly refracting force a function of the

angle which the incident ray forms with one or more axes given in position.

As long ago as 1814 I communicated to the Royal Society the following

experiment on the depolarizing structure of white wax and resin :

ee When resin is mixed with an equal part of white wax, and is pressed be-

tween two plates of glass by the heat of the hand, the film is almost perfectly

transparent by transmitted light, though of a milky white appearance by re-

flected light. It has not the property of depolarization when the light is inci-

dent vertically ; but it possesses it in a very perfect manner at an oblique inci-

dence, and exhibits the segments of coloured rings-i~”.

* Phil. Trans. 1814; 1815, pp. 1, 30, 60; 1816, pp. 46, 56.

f Ibid. 1815, pp. 31, 32.
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The subject of double refraction was then so little developed that this expe-

riment excited no notice
;
and it was only brought to my own recollection by

the accidental appearance of the specimen itself. This depolarizing film has

suffered no change by remaining fifteen years between the plates of glass. The

vertical line along which it is destitute of the property of depolarization is a

single axis of double -

refraction ; and the coloured rings at oblique incidences

are produced by the inclination of the refracted ray to the axis of double re-

fraction. In order to examine this remarkable effect under a more general

aspect, I made a considerable number of such plates with different kinds of

wax, and with various proportions of resin, and I was led to results which

seem to possess considerable interest.

When the white wax is melted alone and cooled between two plates of glass,

it consists of a number of minute particles, each possessing double refraction,

but having their axes turned in all possible directions. If the film of wax is

made extremely thin, the particles are not sufficiently numerous to exhibit any

action upon polarized light.

When resin alone is melted and cooled in a similar manner, it exhibits no

doubly refracting structure, whether it indurates slowly or under the influence

of pressure.

If resin and white wax are mixed in nearly equal proportions, the compound

possesses considerable tenacity. When a proportion of it is melted and cooled

between two plates of glass, it shows the quaquaversus polarization of bees’-

wax, the axes of the elementary particles being turned in every direction. It

possesses a considerable degree of opalescence, and a luminous body seen

through it is surrounded with nebulous light. This imperfect transparency

evidently arises from the reflexion and refraction of the rays in passing from

one molecule to another, occasioned by a difference in the refractive power of

the ingredients, or by the imperfect contact of the particles, or by both these

causes combined.

In order to observe the modifications which these phenomena received from

pressure, I took a few drops of the melted compound and placed them in suc-

cession on a plate of thick glass, so as to form a large drop. Before it was

cold, I laid above the drop a circular piece of glass about two thirds of an inch

in diameter, and by a strong vertical pressure on the centre of the piece of
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glass, I squeezed out the drop into a thin plate. This plate was now almost

perfectly transparent, as if the pressure had brought the particles of the sub-

stance into optical contact.

If we expose this plate to polarized light, we shall find that it possesses one

axis of positive double refraction, and exhibits the polarized tints as perfectly

as many crystals of the mineral kingdom. The structure thus communicated

to the soft film by pressure does not belong to it as a whole, nor has it only

one axis passing through its centre like a circular piece of unannealed glass.

In every point of it there is an axis of double refraction perpendicular to the

film, and the doubly refracting force varies with the inclination of the incident

ray to this axis, as in all regular uniaxal crystals. When the two plates of

glass are drawn asunder, we can remove one or more portions of the com-

pressed film, and these portions act upon light exactly like films of uniaxal

mica or hydrate of magnesia, and develope a doubly refracting force of equal

intensity.

This remarkable experiment presents an interesting subject of inquiry.

That the regular double refraction of the film is developed by the agency of

pressure cannot be doubted ; but it does not at first sight appear whether it is

the immediate effect of the pressure, or is the same doubly refracting force

which produces the quaquaversus polarization that takes place when the resi-

nous film indurates without constraint. In this state of the film the axes of

double refraction are clearly turned in every conceivable direction ; and it is

impossible to suppose that a pressure in one direction could suddenly arrange

all these axes in parallel positions. The double refraction of each particle

of the film has therefore been developed by the compressing force similarly

applied to them ; and in producing this effect, it must have deprived each par-

ticle of the doubly refracting structure which it previously possessed. The

substitution of one doubly refracting structure for another may be easily

effected in many bodies. Even in regular crystals we can by heat or pressure

modify or remove their double refraction. Nay, we can take away one axis

from a biaxal crystal, and communicate a second axis to an uniaxal one.

When the doubly refracting structure is produced by induration, we can re-

move it wholly by pressure, and replace it with another even of an opposite

character
; and when it is generated by the living principle, as in the case of

MDCCCXXX. N
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the crystalline lenses of animals, we can take it away entirely, and substitute

a new and more powerful doubly refracting structure by induration.

We may therefore consider it as clearly established that the uniaxal double

refraction of the resinous mass has been communicated to the individual

molecules by simple pressure ; the increased transparency arising from the

molecules being brought into closer contact, and the regular double refraction

from the variable density impressed upon each elastic molecule, and symmetri-

cally related to the axis of pressure. The effect thus produced on the resinous

mass is precisely the same as what would take place by subjecting elastic

spheres to a regular compressing force. The axis of pressure becomes an axis

of positive double refraction, and the double refraction increases with the in-

clination of the ray to the axis, and becomes a maximum in the equator of

the molecules.

By this view of the preceding facts, we are led to a very simple explanation

of the origin and general phenomena of double refraction in regular crystals.

That this property is not inherent in the molecules themselves may be easily

proved. The particles of silex, for example, do not possess it in their separate

state. In tabasheer, in many opals, and in melted quartz, there is not the

slightest trace of the doubly refracting structure : but when the particles of

silex in solution are allowed to combine, in virtue of their polarities or mutual

affinities, they then instantly acquire, at the moment of their combination, the

property of double refraction, and they retain it while they continue in this

state of aggregation. The manner in which this takes place may be easily

conceived : a number of elastic molecules existing in a state of solution, or in

a state of fusion, are kept at such a distance by the fluid in the one case, and

by the heat in the other, as to preclude the operation of their mutual affinities ;

but when, in the process of evaporation or cooling, any two molecules are

brought together by the forces or polarities which produce a crystalline ar-

rangement, and strongly adhere, they will mutually compress one another, and

each will have an axis of double refraction in the directions of the line joining

their centres, in the same manner as if they had been compressed by an exter-

nal force.

From the phenomena of crystallization and cleavage, it is obvious that the

molecules of crystals have several axes of attraction, or lines along which they
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are most powerfully attracted, and in the direction of which they cohere

with different degrees of force. Guided by the indications of hemitrope

forms, and supposing the molecules to be spherical or spheroidal, we infer that

their axes are three in number and at right angles to each other, and are re-

lated in position to the geometrical axis of the primitive form. In like manner

the phenomena of double refraction are related to the same axis of the primi-

tive form, and may be all rigorously calculated by a reference to three rectan-

gular axes. In uniaxal crystals, the three axes A, B, C must be such that two

of them are equal and of the same name ; while the third, corresponding with

the apparent axis, may be of the same or of a different name. In biaxal

crystals, the three axes A, B, C are unequal, and in crystals with no double

refraction the axes are equal and destroy each other*.

This approximation of these two classes of facts is too remarkable to be ac-

cidental, and would go far to establish their dependence, even if it were not

indicated by other arguments which I shall proceed to illustrate.

Among those crystals which have the obtuse rhomboid for their primitive

form, there are many with one axis of negative double refraction, and only one

or two with one axis of positive double refraction. In the former, the nega-

tive doubly refracting structure will be produced round the axis of the rhom-

bohedron by the compression arising from attractions in the direction of two

equal rectangular axes A, B, which will dilate the molecules in the direction

of the third axis C, and make it a negative axis of double refraction, equal in

intensity to either of the other two. Here we require the combination only of

two axes ; but if we suppose that there is in the direction of C a third axis of

attraction either more or less powerful than the other two, then if it is less

powerful, the compression of the molecules produced by it will diminish the

dilatation arising from the united action of A and B, but will still leave an

unbalanced dilatation, or a single negative axis of double refraction in the axis

of the rhomb.

If C, on the contrary, is an axis in which the attractive force of the mole-

* In uniaxal crystals, the resultant of the two equal axes A, B may have any relation to C but that

of equality
;
excepting when C is of a different name from A and B.

In biaxal crystals, any two axes A, B, may be converted into three A + C, B + C, + C. See

Phil. Trans. 1818.
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cules is greater than along A and B, the compression which it produces will

exceed the dilatation arising from A and B, and we shall have an axis of com-

pression along C, or an axis of positive double refraction as in quartz and di-

optase*. The same observations are applicable to minerals that crystallize in

the pyramidal form.

When the three axes A, B, C are all equal, the three rectangular compres-

sions, produced by the aggregation of the molecules, will destroy one another

at every point of the molecule, and the body which they compose will have no

double refraction, and cleavages of equal facility. Hence all crystals in which

it is known by cleavage that the particles cohere with equal force in three rect-

angular directions have actually no double refraction.

If the three attractive axes A, B, C are all unequal, the difference of density

which they produce in the molecules will be related to two axes of double re-

fraction, the strongest of which will be negative or positive according as the

compression along C is less or greater than the dilatation produced along C

by the united compressions of A and B. Hence all crystals belonging to the

prismatic system, in which we are informed by cleavage that the particles co-

here with unequal forces in three directions, have invariably two, or, as we have

al ready explained, three unequal axes of double refraction, of which the strong-

est is sometimes positive and sometimes negative.

We have supposed the elementary molecules of bodies to be spherical when

existing singly, or beyond the sphere of their mutual action
; but although

their form must, in the case of doubly refracting crystals, be changed into

oblate, prolate or compound spheroids, yet the deviation of these spheroids

from the sphere may be so small, that the forms of the bodies which they com-

pose may be regarded as arising from the union of spherical molecules. It is

more probable, however, that the form of the molecules suffers a considerable

change, and we may consider that change as determining the exact primitive

form of the crystal and the inclination of its planes.

The circumstance of almost all rhombohedral crystals having negative

' Since this paper was written, I have seen the very valuable researches of M. Savart on the

structure of crystallized bodies as developed by sonorous vibrations. The curious result of his ex-

periments, that the axis of calcareous spar, a negative axis of double refraction, is the axis of least

elasticity, while the axis of quartz, an axis of positive double refraction, is the axis of greatest elasti-

city, harmonizes in a remarkable manner with the above views.
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double refraction, which can only be produced by axes of compression in the

equator of a prolate spheroid, excludes the supposition, that the ultimate mole-

cules are spherical particles converted by the forces which unite them into

those oblate and prolate spheroids, by means of which, according- to the views

of Huygens, all the varieties of rhombohedrons may be formed*
; for if this

were the case, the obtuse rhombohedrons should possess one positive axis, and

the acute ones one negative axis of double refraction. We are constrained

therefore to suppose that in rhombohedral crystals the molecules have the

form of an oblate spheroid, with its axes so related, that the change superin-

duced upon it by the forces of aggregation determines the exact form of the

combination. In carbonate of lime for example, where the precise inclination

of the faces of the rhombohedron can be produced only by oblate spheroids

whose polar is to their equatorial axis as 1 to 2.8204, we may suppose that

the spheroids were originally more oblate, and that the forces by which they

receive the doubly refracting structure dilated them in the direction of the

smaller axis, so as to produce a spheroid having its axis as 1 to 2.8204. Hence

if we could suppose the molecules placed together without any forces which

would alter their form, they would compose a rhombohedron with a greater

angle and having no double refraction. But when they are combined by the

attractive forces of crystallization, they compose a rhombohedron of 105°, pos-

sessing negative double refraction.

In this view of the subject, the form of the ultimate molecules of crystals

existing separately, may be regarded as determining within certain limits the

primitive form to which they belong ; while the doubly refracting structure

and the precise form of the crystal are simultaneously produced by the action

of the forces of aggregation.

These views receive a remarkable illustration from a new doubly refracting

structure, which I discovered many years ago in chabasie, and which will form

the subject of a separate communication. In certain specimens of this mi-

neral, the molecules compose a regular central crystal, developing the pheno-

mena of regular double refraction ; but in consequence of some change in the

state of the solution, the molecules not only begin to form a hemitrope crystal

* See Huygens’s Traite de la Lumiere, chap. v. and the Edinburgh Journal of Science, No. xviii.

pp. 311, 314.
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on all the sides of the central nucleus, but each successive stratum has an in-

ferior doubly refracting force till it wholly disappears. Beyond this limit it

reappears with an opposite character, and gradually increases till the crystal is

complete. In this case the relative intensities of the axes or poles from which

the forces of aggregation emanate, have been gradually changed, probably by

the introduction of some minute matter, which chemical analysis may be un-

able to detect. If we suppose these axes to be three, and the foreign particles

to he introduced, so as to weaken the force of aggregation of the greater axis,

then the doubly refracting force will gradually diminish with the intensity of

this axis, till it disappears, when the three axes are reduced to equality. By
continuing to diminish the force of the third axis, the doubly refracting force

will reappear with an opposite character, exactly as it does in the chabasie un-

der consideration.

From the mutual dependence of the forces of aggregation and double refrac-

tion, it is easy to understand the influence which heat produces on the doubly

refracting structure, as exhibited in the phenomena discovered by M. Mits-

cherlich in sulphate of lime and calcareous spar, and in those which I detected

in glauberite*. This eminent philosopher has found, by direct experiment, that

heat expands a rhomb of calcareous spar in the direction of its axis, and con-

tracts it in directions at right angles to that axis-j~ ; that the rhomb thus be-

comes less obtuse, approaching to the cubical forms which have three equal axes,

and that its double refraction diminishes. All these effects are the necessary con-

sequences of the preceding views. The expansion in the direction of the axis,

and the contraction of all the equatorial diameters diminish the compression

of the axes of the oblate spheroidal molecules, and must therefore diminish its

double refraction, as well as the inclination of the faces of the rhomb. In

* See Edinburgh Transactions, vol. xi.

-pit follows from this fact, that massive carbonate of lime, in which the axes of the molecules have

every possible direction, should neither expand nor contract by heat, and would therefore form an

invariable pendulum. As there must be, in any given length of massive carbonate of lime, as many

expanding as there are contracting axes, then, if the contractions and expansions in each individual

crystal are equal, they will destroy one another ; but if they are proportional to their lengths, the con-

tractions will exceed the dilatations. In this case, we have only to combine the marble with an ordi-

nary expanding substance, to have an invariable pendulum. The balances of chronometers might

be thus made of mineral bodies.
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like manner it will be found that in sulphate of lime and glauberite the ex-

pansions and contractions will be so related to the three axes, as to explain the

conversion of the biaxal into the uniaxal structure, and the subsequent reappear-

ance of the biaxal structure in a plane at right angles to that in which the axes

are found at ordinary temperatures.

The phenomena exhibited by fluids under the influence of heat and pressure,

and those of doubly refracting crystals, exposed to compressing or dilating

forces, are in perfect conformity with the above views ; so that even without

the fundamental experiment described in this paper, we might have been en-

titled to conclude that the forces of double refraction are not resident in the

molecules themselves, but are the immediate result of those mechanical forces

by which these molecules constitute solid bodies.

Allerly, October 5th, 1829.
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VI. Experiments on the influence of the Aurora Borealis on the magnetic needle.

By the Reverend James Farquharson, F.R.S. Minister of Alford
,
Aber-

deenshire. In letters addressed to Captain Edward Sabine, Secretary of

the Royal Society.

Read January 28, March 4, and April 1, 1830.

Alford, December 15 th, 1829.—The apparatus, belonging to the Royal So-

ciety, with which these experiments were made, consists of a horizontal brass

circle, about one foot in diameter, graduated to divisions of 10 minutes, and

capable of adjustment to a perfect level by means of spirit levels and screwed

feet. Concentrically within this divided circle moves a circular horizontal brass

plate, its edge touching the divisions, and having at opposite points two verniers,

which, bymeans of attached microscopes, indicate the movements which it makes

to 60th parts of 10 minutes, or 10". The movement of the plate within the circle

is effected by means of a screw. A circular brass needle-box is attached to the

surface of the inner plate, and a vertical pointed steel wire for supporting the

needle forms the centre. At opposite points in the needle-box are fixed two

micrometers with cross wires in the foci, for adjusting the needle to a level, and

observing any change in its direction. The top of the needle-box is a circular

plate of ground glass in a brass ring, made to slip easily off and on, and having

screwed into its centre a vertical brass tube about 8 inches long, for the purpose

of suspending the needle with fibres of silk, for measuring the time of its oscil-

lations. A horizontal brass pin, with a minute perforation for the silk near its

middle, passes through the vertical tube near its top, and being contrived with

several motions, serves to adjust the suspended needle, and bring it correctly

over the steel point, where its levelling can be completely ascertained.

The magnetic needlec itself is a rectangular plate about 5 inches long, half

an inch broad, and V0 th of an inch thick. An agate cup set in brass ad-

mits of being screwed in either at the narrow or flat side of the needle
; and a

little fixt ring of brass, with a minute perforation in its top, rising over the cup,
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98 REV. J. FARQUHARSON’S EXPERIMENTS ON THE INFLUENCE

admits of the ready attachment of the silk ; so that the needle can be placed

on the steel point or suspended with the silk, with its flat face either vertical

or horizontal.

This apparatus measures, with great accuracy, very minute changes in the

declination of the needle. A change as small as 10" is quite sensible by it. It

was placed on a firm-set table, in a room of my house, on the 21st of September

hist
; and by shifting the whole apparatus, the cross wires of the micrometers were

brought into a line with the needle, when at rest at 8 o’clock in the evening

;

the index of the vernier being at the same time brought to zero on the divided

circle. The readings of the variations of the needle are therefore reckoned

from its position at that hour, which was made choice of as being that when

the Aurora borealis was most likely to appear, and thus the diurnal variation

would be brought to interfere as little as possible with any variation induced

by that meteor.

The needle, where it is stationed, is subjected to some influence from several

tixt pieces of iron, but not to any from iron that is moved from place to place.

There was a necessity for removing the apparatus temporarily from its station

on the 24th of November ; but it was carefully replaced on the 2nd of Decem-

ber ;
marks having been made in the floor for the feet of the table, and on

the table for the feet of the apparatus
; and the cross wires brought to the line

of the needle at 8 p. m. as before.

In making observations on the intensity, the time occupied by a certain

number of horizontal vibrations of the suspended needle is measured by a stop-

watch, the character of which it is necessary to describe. It is a time-keeper,

on which, indeed, not much reliance ought to be placed, if it were necessary to

have the intervals estimated in absolute mean time ; as, although it is adjusted

to return nearly to mean time at the end of every twenty-four hours, when only

wound up once during that period, yet it goes very unsteadily at many of the

intermediate hours. I have found, however, that it keeps time nearly with a

well-regulated pendulum clock, from 12 minutes after it is wound up till

about an hour after that time. It is therefore always prepared for the ob-

servations by being stopped 12 minutes after it is wound up
; and thus,

although the intensities measured by it could not very safely be compared with

those measured by a more correct watch, yet considerable reliance may be
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placed on the comparison of measures thus made by itself at different times.

I have in fact already discovered, by using- these precautions, such an increase

of intensity as was to be anticipated during the cold season now come on. My
observations have been too desultory, owing to numerous other avocations, to

permit me to look out for a diurnal change of intensity.

The balance of the watch makes 290 vibrations in a minute, so that the vi-

brations are not commensurate to the seconds
; recourse therefore must be had

to reading off the time by approximation on the seconds dial-plate. The time

is estimated to the nearest quarter of a second by means of a microscope, and

the watch relieved from the point where it stops for a new observation
; thus

neutralizing any incorrectness in the reading off, and any inequality in the divi-

sions of the dial-plate on the principle of the repeating circle. The stop is on

the balance of the watch, and is therefore instantaneous.

After trials of various arcs, I have found it most convenient, for insuring that

the different series of observations shall commence in equal arcs, to make the

needle vibrate by its own breadth at the extremity, that is, in arcs of nearly

12°, which is correctly determined when the corners of the needle come alter-

nately to the cross wires of the micrometer. The watch is relieved the instant

the centre of the needle comes to the cross wires the third time after the extent

of the arc has been noted by the corners ;
50 oscillations are then reckoned,

and the watch stopped for reading off the time. A very small piece of iron is

employed for moving the needle, which is instantly deposited at some distance

at right angles to it ; and for night observations my candlestick is of glass.

I had no leisure for making observations on the intensity for several days

previous to the 14th of December. The last I made were on the 2nd, 3rd, and

4th of December,—4 sets of 50 oscillations each day at 8 p. m.
; average of

each set, and of the whole, in 225".25 : Therm, from 35° to 42°.

I shall now copy from my journal the observations of the 14th of December,

They were set down at the time, at intervals of a quarter of an hour.

5f p. m.—Aurora seen in various quarters of the sky.

6 p. m.— Arch of nebulous light in N. about 25° high ; another S. about 30°

high
; vertex of each about the mag. mer. : S. arch just over a con-

tinued line of clouds. Many detached clouds in region of N. arch.

o 2
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Sky between these quite clear of clouds, with many brilliant streamers

of Aurora, forming evidently parts of two fringes coming towards the

zenith from N. Bar. 30°, Therm. 39°
;
nearly calm,

tvj. p. m.—Many groups of very brilliant short streamers now passing into

the zenith. Needle on steel point 2' W. Intensity, 1 st set of 50 oscill.

in 225".‘25
;
2nd in 225".25

; 3rd in 225".

(j^.—Narrow arch near the zenith, very faint, and small clouds appearing there.

Arch in the S. descending to the horizon, and clouds descending with it.

That in the N. now about 35° high, accompanied by many clouds.

Needle on steel point shifted to 5' E.

6f
.—Needle on steel point now 23' E. S. arch now extinct. N. one about

45° high
;
nebulous lights under it, and clouds rising with it.

7 p. m.—Needle on steel point slowly returning westward.

7\.—Needle at zero.

7^.—Needle 4' W. Aurora still forming an arch at N. ; but not advancing

higher than 45°.

7 |.—Needle still 4' W. Several arches of nebulous light in N. under 45°, with

many clouds
;
gentle gale a point or two S. of W.

8 p. m.—Arch of nebulous light again formed at S. about 45° high. W. and

middle parts of N. arches expiring as they reach 45°
; but their E.

ends going now much further S. and passing the prime vertical to the

mag. meridian
; not fully seen, however, for clouds, which are following

the Aurora in all its flittings ; the rest of the heavens being quite clear.

Needle on steel point now 7' 50" E. Intensity, 1 st in 225".25
; 2nd in

225".25. Therm. 38°.

8^.—Needle on steel point 13' 40" E.

8^.—Needle on steel point 8 ' 50" E. Intensity, 1 st in 225".25
; 2nd in 225".25.

Nebulous light at N.W. and very brilliant groups of streamers at N.E.

Aurora in the S. now extinct.

83 .—Aurora fading
;
needle on steel point 4' 20" E.

9 p. m.—Intensity, 1 st in 225".25; 2nd in 22b".2b. Needle on steel point 2 ' E.

9|.—Three arches of Aurora of unusual brilliancy at inag. N. coming up ra-

pidly with most splendid streamers. Fragments of the uppermost soon

passed the zenith, and needle shifted slowly to 19' W.
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9^ p. m.—Very obscure narrow nebulous arches across the zenith, and a little

S. of it at right angles to mag. mer. ; being the remains of some of the

arches seen at 9J. Needle shifted to 9' 50" E.

9f.—Only a few streamers^ near N. mag. mer. 25° high. Needle now 12' E.

10 p. m.—Very brilliant arch of streamers in N. about 25° high ; and narrow

obscure arch across mag. mer. a little S. of zenith. Needle 14' E.

Intensity, 1st in 225".25 ; 2nd in 225";25. Therm. 37°. No clouds.

10£.—Arch of streamers in N. about 25° high, not very brilliant. Many
groups of faint streamers higher up ; and nebulous narrow belts of pale

light across the zenith and southward of it a little, at right angles to

mag. mer. These are all expiring as they go S. in succession. Needle

shifted as I was watching it from 14' E. to 3' W. in the space of about 6

minutes.

10|.—Many groups of very pale streamers over all the northern half of

the sky, and the western half of a very pale zenith arch has passed to

about 20° S. of the zenith. Needle now 21' 30" W. Intensity, 1st in

225".5 ; 2nd in 225".75. Therm. 35°.

10f.—Aurora nearly faded every where, and heavy clouds forming in N.W.
Needle returned to 3' W.

lip. m.—Aurora extinct. Needle at 5' W.
12 p. m. Nebulous light at the horizon in mag. N. has continued for nearly

an hour, fading at 10° high, and rising again from the hills. Needle

1' E. and has remained so for three quarters of an hour. Many falling

stars whose paths are parallel to the lines of the streamers, or at right

angles to them in the planes of the fringes. Intensity, 1st in 225".5
;

2nd in 225".25. Breeze a point or two S. of W.
December 15, 1 p. m.—Intensity, 1st in 225".25

; 2nd in 225".5. Therm. 34°.

It ought to have been stated, that from noon on the 10th of December

till the evening of the 14th, there was a continued series of the hard-

est gales at S. W. and W. that have occurred this autumn.

It is obvious from the above detail, that the disturbance of the magnetic de-

clination by the northern lights on the evening of the 1 4th of December was so

great, and so frequently reversed from E. to W., and the contrary, as to leave

no shadow of doubt regarding the reality of the phenomenon. It is to be ob-
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served, however, that no disturbance took place till the fringes of the Aurora

had gone so far south as to place the needle in their planes, or in the line of

prolongation of the middle or most elevated streamers of the fringes, which is

that of the dipping needle. The numerous observations formerly made by me

this autumn, of which I have already put you in possession*, and those also

1 Otli of October.— 11 a. m. Series of 50 oscillations : 1st in 227".75
;
2nd in 227".5

;
3rd in 227". 2 ;

4th in 227 ".5 ; 5th in 227".75
; 6th in 227". 5.

2 r. m.

—

1st in 227". 5 ; 2nd in 227 ".5.

4 p. m.

—

1st in 227".75 ; 2nd in 227".5.

1 1th of October.—65 r. m.-—

V

ery brilliant streamers seen, at an opening among clouds at N. W.

reaching upwards to about 35°. Series of 50 oscillations : 1st in 227". 75 ;
2nd in 227". 5 ;

3rd in 227".5
;
4th in 227".75.

7\ p. 11.—Column of very brilliant light near the horizon at the W. extremity of the prime

vertical to the mag. mer. and arches of Aurora in the N. Series of 50 oscillations : 1st

in 227".5
;
2nd in 227".75

; 3rd in 227".5
;
4th in 227".25.

It is evident that the differences between the averages of these series at the several periods,

are within the limits of the probable errors of observation; so that the intensity was not sensibly

affected by the Aurora.

At 8 p. m. the needle on the steel point remained steady at its usual position at that hour.

At 20 minutes past 8, needle on the steel point was still steady, with many brilliant groups of

streamers in the N. and an arch of light below them, and another bright column at mag. W.

On the 25ih of October the Aurora again appeared; but neither at this time could I find that

either the intensity or direction of the needle were altered.

17th of November.—3 r. m. 50 oscillations: 1st in 225". 7

5

;
2nd in 225".5

; 3rd in 226".25 ;

4th in 226".

65 P. m.—

A

complete arch of pale nebulous light, with its vertex about 20° high at mag. mer.

Intensity, 1st in 225".25 ; 2nd in 225". 25. Needle on steel point steady at its usual place

at 8 p. m. : and intensity, 1st in 225".

5

;
2nd in 225". 5.

A succession of arches rose one below another, and successively expired at about an elevation of 20°

till lip. m. when the western end of one of them became unusually brilliant, and dense. Streamers.

Intensity at this hour, 1st in 225". 5 ; 2nd in 225". 7 5 ;
3rd in 225". 5. Needle has now 3' E. var.

from its position at 8 p. m. At 12 p. m. Intensity 1st in 225". 25 ;
2nd in 225" 25. Var. 3' E.

On the 1 8th of November, Aurora first seen at 6 p. m. At 8 p. m. with a very brilliant arch about 20°

high, and a few streamers, the remains of a preceding one, about 35° high. Intensity, 1st in

225".25 ; 2nd in 225"
; 3rd in 225' . 5 ;

4th in 225".5. Variation at 8 p. m. 2' E.—At 9%

v. m. ;
Intensity 1st in 225".25

;
2nd in 225".—At 10 p. m. Var. 4' E.—At II5, Var. 3' 20" E.

19th of November.—At 2 p. m.

;

Intensity observed, 1st in 225"
;
2nd in 225"

;
3rd in 225"

; 4th

in 225". 25.

At 8 p. m. Aurora first seen. A pale light through many clouds about 15° high. Variation not

altered. Intensity, 1st in 225"
;

2nd in 225". 25.

The variations at ] 1 and 12 r. m. of the 17th of November, and at 8, 10, and 11^ p. m. of the

1 8th of November, were within the limits of the irregularities of the diurnal variation.]
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now detailed, afford a proof,—a negative one indeed, and therefore imperfect,

bnt now very extensive,—that the needle is not affected by the Aurora, till it

comes into the plane of the dip : and we have thus, I trust, an explanation of

the discordant results obtained and announced regarding this matter by diffe-

rent former observers. When the disturbance has been observed, there have

been no doubt zones of Aurora in the plane of the dip, though perhaps obscure

and liable to be overlooked. Most of those I observed in that position on the

14th were so faint, that I might not have noticed some of them, had I not traced

their progress southward from stations where they were much more brilliant.

It would be as yet premature to infer any connection between the easting

and westing of the declination, and the vividness of the fringes in their eastern

or western ends. What occurred at 8 p. m. and \ past 10 p. m. might lead

us to suspect that the needle declines towards the most vivid end.

In regard to the intensity, I cannot venture to say, that the slight decrease

indicated at \ past 10 is not an error of observation ; being conscious that the

limits of errors of this kind ought not to be taken at less than the change then

noted. I could not take the intensity at f past 6, when the declination was

greatest, from a desire to watch the extent of the change in declination pro-

duced by the Aurora, of which I was for the first time fully assured. When I

receive the separate apparatus for the intensity, with which I am to be favour-

ed, I shall expect more certain results on that point.

Alford,
December '26th, 1829.—Since I addressed you on the 15th current, I

have made some additional observations on the Aurora borealis, of which I

proceed to put you in possession in continuation.

From Journal of observations.

Frost during the 16th, 17th, and 18th Dec. Therm, at night 19°.

19th Dec.—10 p. m. Bar. 29°.7- Therm. 30°.—At past 11 p. m. a

heavy low fog cleared up, and exposed a very brilliant Aurora. An arch of very

brilliant streamers about 25° high over dense clouds in the N. A broad lane

of clear sky above these from W. to N. E. Over head many broken clouds

giving partial views of a narrow arch of Aurora from E. to W. in the plane of

the mag. dip, and many streamers approaching the zenith from N. To the S.



104 REV. J. FARQUHARSON’S EXPERIMENTS ON THE INFLUENCE

of these another clear lane of sky E. and W. and nebulous Aurora over dense

clouds at S. horizon. Needle on steel point 36' 20" E. Before the watch was

prepared for the intensity, needle shifted to only 33' E. Intensity then found

50 oscillations in 226".25. Needle at conclusion of the observation 14' E.

— 12 p. m. Another arch getting into plane of the dip, the rest of the Aurora

presenting nearly the same appearances as before. Needle shifted to 22' E.

Intensity 50 oscil. 1st in 225".5
; 2nd in 225". 5. Therm, still 30°. Needle

after observation still 22' E. Steady slight wind near S. W.
20th Dec.—From % past 8 p. m. till lip. m., a veiy splendid Aurora con-

tinued, with periodical obscurations and revivals, over a dense cloud resting

on, and capping the summits of the North hills. Aurora never getting higher

than 20°. Rest of the sky entirely clear of clouds, and slight steady wind

at W. Therm. 25°. Needle not affected.

21st Dec.

—

8 p. m. Intensity 225". Therm. 27°. Ground covered with snow.

22nd Dec.—I have been informed, this day, by the Rev. James Paull,

minister of Tullynessle, that on the 20th of Dec. about ^ past 9 p. m. he saw

the Aurora remarkably bright, near the zenith, at his house, about 2 miles N.

of this place, and I am permitted to use his name for the fact.—8 P. M.

Intensity 224".75 ;
225". Therm. 28°.

23rd Dec.—8 p. m. Intensity 225''. Therm. 30°.

24th Dec.—8 p. m. Intensity 225". Therm. 30°.

25th Dec.—8 p. m. Intensity 224".5 ;
224".75

;
224".75. Therm. 29°.

I hope the Royal Society will find in the above observations, and in those

I transmitted to you on the 15th, a settlement of the much agitated question

regarding the disturbance of the magnetic needle by the Aurora borealis.

Mr. Dalton was the first, as far as I am acquainted, who observed that the

streamers direct their upper extremities to that point in the heavens to which

the dipping needle is directed, and that the arches they form are at right an-

gles to the magnetic meridian
; but the definite order in the southward pro-

gress of the fringes of streamers not having been then ascertained, those circum-

stances under which alone it now appears that the magnetic needle is disturbed,

were for a time overlooked ; and results apparently the most opposite were

announced by different observers of distinguished skill and reputation.
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A proper value will now be put on the results obtained by Captain Franklin

and Lieutenant Hood, chiefly at Fort Enterprise. They observed a remark-

able disturbance of the needle when the Aurora passed the zenith
; that is,

when the fringes came into the plane of the dip, which is there 86° 59'. But

the full admission of this fact does not invalidate the results of an apparently

opposite nature obtained by others, or their importance. The observations I

made on the 21st, 22nd, and 26th of September, 1st, 3rd, 11th, and 25th of

October, and the 17th, 18th, and 19th of November last, and now of the 20th

December, show, that with very brilliant Aurora, there is no disturbance of the

needle, if the fringes do not come into the plane of the dip.

It is evident that as the needle is affected in those places only where the

fringes are in that plane, observers in different latitudes may obtain very dis-

cordant results on the same evening. The numerous observations collected by

Mr. Dalton, of the appearances of Aurora on the 29th March, 1826, (Phil.

Trans. 1828,) prove that many fringes of streamers may be parallel to each

other at remote distances
;
and the observation, by the President of the Royal

Society, of a luminous arch in Cornwall, 29th September, 1828, simultaneously

with a remarkable Aurora of many arches over the whole of Aberdeenshire,

proves that the meteor is sometimes active over a space nearly coincident with

the extent of this kingdom
; and we have no reason to suppose it may not ex-

tend often much further. There might therefore be an extensive succession of

observations of disturbance and non-disturbance of the needle, at the same

instant, from N. to S., over many degrees of latitude. Next to the discovery

of the truth, it will give me the highest satisfaction if the Royal Society shall

be of opinion, that the result of the observations they have enabled me to make,

is to reconcile the conflicting statements made regarding this matter, leaving

unimpeached the accuracy of all the observers.

The observations of the intensity, on the 19th December, lead now more

plainly to the inference, that it is decreased under the influence of an arch of

Aurora in the plane of the dip
; but the indications of decrease are too small to

be fully confided in, until after a long series of similar results.

I consider Mr. Paull’s observation on the evening of the 20th December,

viewed in conjunction with mine, of great importance in various respects. The

same Aurora that I saw here under an angle not exceeding 20° high, he saw at

MDCCCXXX. P
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the Manse of Tullynessle very near the zenith. Now the Manse of Tullynessle

is about one point E. of due N., distant from this place little more than two

miles in a direct line. It is in a narrow side valley that enters northward into

a ridge of hills, the nearest summits of which are nearly two miles from here,

about the N. point of the magnetic meridian. These are the summits that

were capped by the clouds, to the region of which the Aurora was confined the

whole evening. A line drawn over them at mag. E. and W. would pass very

nearly over Mr. Paull’s station. The height therefore of this particular Aurora

at its upper extremities, did not exceed 4000 feet above the level of this

place.

In my paper on the Aurora borealis, which the Royal Society honoured with

a place in their Transactions of 1829, I stated “that I have here seen the

meteor much more frequently in the form of a light near the northern horizon,

than in any other form.” Mr. Paull’s observation has convinced me, that the

true place of this light near the horizon is often no other than the nearest

mass of hills to the north.

If any doubt had yet remained regarding the height of the region occupied

by the meteor, this observation would have determined the point. The merit

of first accurately ascertaining that region is due to Lieutenant Hood and Dr.

Richardson, by their observations at Cumberland House and Basquiaw Hill.

It is the region immediately above that of the clouds, and of course varies

much in height with different states of the atmosphere. Although this region

was very low on the 20th December, it is, we know, at times several miles

high, agreeing with the observations of those distinguished travellers. I have

seen the Aurora here when the height of the clouds could not be estimated at

less than two or three miles
;
and I state this again more precisely, because I

understand what I had formerly said, has, by some persons, been misunderstood

to imply, that its height never exceeds six or eight thousand feet.

Captain Franklin and Dr. Richardson first observed also the connection of

the Aurora with the formation of clouds. The latter even says, “I am inclined

to infer that the Aurora borealis is constantly accompanied by, or immediately

precedes, the formation of one or other of the various forms of cirro-stratus.”

He could not however determine whether the Aurora was dependent on the

formation of the cloud, or the formation of the cloud on it. I conceive the
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observations of the 20th December throw a satisfactory light on this subject,

and shall now briefly state the conditions of the phenomena of that evening,

and their localities, which lead me to this conclusion.

The mass of hills, named Coreen, to which both the clouds and the Aurora of

that evening were entirely confined, is eight or ten miles long from E. to W.,

and about four miles broad in some places from N. to S. It is nearly bisected

by the magnetic meridian of this place, which cuts off the broadest and highest

part of it to the W. About twelve or fifteen square miles rise above the

limits of cultivation ; that is, about six or seven hundred feet above the bot-

toms of the conterminous valleys ; and some of the summits attain an elevation

of nine hundred and one thousand feet.

On the W., a little by S., of this mass of hills, there extends for eighteen or

twenty miles a succession of valleys of considerable width, all bounded on

the S. and N. by high lands of great extent, and separated from each other by

comparatively low eminences. Through these the river Don flows from W. to E.

On descending this succession of valleys with the course of the river, the Coreen

hills are seen directly in the line of them, and apparently shutting them nearly

up at the E., the extension of the low ground turning there, for some distance,

suddenly N. and afterwards E., by the N. side of these hills
; and the river, on

the contrary, when it reaches these hills, turning several points S. of its former

course, and entering this valley of Alford at its N. W. corner, by a very narrow

defile between Coreen and another hill on the S., of nearly equal elevation but

comparatively little extent, which is placed more in the direction of the

general outline of the high lands bounding the valleys on the south.

We have then, in the situation of the Coreen hills, a most satisfactory ex-

planation of the formation of clouds over them on the 20th December, in well

established principles independently of the Aurora. The wind coming steadily

the whole evening from W. carried the air out of the upper Don valleys,

(where, at a comparatively low elevation, it was nearly saturated with aqueous

vapour, to which the river in its long course would much contribute,) over the

surface of Coreen ; that is, lifted the whole mass several hundred feet perpen-

dicularly, and the diminished pressure and consequent expansion lowered its

temperature to the point of saturation.

As the Aurora was entirely confined to the region of the cloud, the cause of

p 2
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the formation of which we can thus otherwise clearly trace, we are surely

justified in considering it as an effect of the condensation of vapour; and as

the evaporation and condensation of the aqueous fluid are ascertained agents

in developing electricity, the meteor must be considered as a peculiar manifes-

tation of the electric fluid *.

The parallelism of the streamers with the dipping needle ; the position of

the fringes at right angles to the magnetic meridian
; the movement of these

fringes away from the N. magnetic pole, and their effect on the needle when

they come into the plane of the dip,—all prove it to be equally a magnetic

phenomenon ; so that we here find another relation between the electric and

magnetic influences.

I conceive the result of these observations coincides with many discoveries

of a very recent period, to show that we are on the point of being compelled

to resolve the long received theory of the magnetic action of the nucleus of the

earth, into a peculiar influence of its atmosphere and superficial electricity.

Alford, February 1 Ith, 1830.—Between January 10th and 20th, several series

of observations of the intensity of the needle were taken at 8 p. m. Therm,

uniformly near 30°; and 50 vibr. very uniformly in 225".25. [It thus appears

that the annual increase of the intensity was greatest in the end of Decem-

ber.]

January 25th.—No Aurora was seen since 20th December till this evening,

when for about 3 hours from 7 p- m. there were seen, over many detached

clouds resting on the Coreen hills in the N., several low arches and parts

of arches of brilliant streamers, rising in succession below one another, and

expiring about 20° high. Rest of the sky quite clear. Therm. 30°. Needle not

affected. Many falling stars in paths parallel to streamers. None of these

meteors were seen during the absence of the Aurora.

January 26th.—A steady gale all day a point or two S. of W. Therm. 34°

and 35°. Gale became hard after dark, and much snow melted before next

morning. The ground has been covered with snow, of which there have been

• This is in accordance with Mr. Dalton’s conclusions, that electricity appears to be a consecjuent

rather than an agent in the formation and decomposition of clouds. (Observations on Meteorology,

&c. Manchester Memoirs, Second Series, vol. iv.)
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many falls since the 20th December, with a nearly steady frost, generally

from 30° to 35° Fahr., but once or twice as low as 12° at sunrise. Wind since

that time till now in all points, except W. and S. W.
January 27th.—Again frost and calm. Therm. 30°. Intensity 225".25.

January 28th, 8 p. m.—Several low arches of Aurora of great brilliancy, with

many streamers over clouds resting on the Coreen hills. Rest of the sky quite

clear. Needle steady. Therm. 25°.

^ past 8.—An arch has come slowly forward and passed the zenith into the

plane of the dip
;

its west part fading as it reaches that position
; but the east

part from the mag. merid. continuing moderately bright. Needle shifted to

21' 30" E. or towards the bright part. Intensity 225".25. After this observa-

tion, needle on steel point returned slowly to 6' E.

5 min. before 9.—Another very bright arch, about 3° broad at the vertex,

and extending nearly from the E. to the W. horizon, but narrowing much at its

extremities, came forward into the plane of the dip. The light of this very

beautiful arch was nearly uniform from end to end. Sky quite clear, when it

was in the plane of the dip, excepting over the Coreen hills, where there were

still many clouds. Needle on steel point moved incessantly at this time, but

irregularly and somewhat fitfully, alternately to E. and W. within the limits of

about 30' in all. Intensity 226". Arch faded slowly about 30° S. of the zenith;

and needle on steel point returned to rest nearly at zero.

Many falling stars in paths parallel to the streamers, i.*,e. to pencils of rays

of the Aurora, were they at the same places.

Many low arches rose in succession after this to about 25° above the Coreen

hills ;
some of them with very brilliant streamers. Needle steady. A slight

steady breeze a point or two S. of W. set in after 9 p. m. At 1 1 p. m. therm. 24°.

January 29th.—Therm. 36°. A steady gale all day, a point or two S. of W.

till sunset, when it shifted to N., and therm, fell to 30°. 8 p. m. Intensity 225".25

.

February 6th and 7th.—Steady moderate frost till now, when there occurred

a terrible storm at S.S.E. with a heavy fall of snow. At 8 p. m. of 6th, therm.

27°. Intensity 225".5.

It will be seen that the observations now detailed confirm the result of those

I formerly sent, viz., that the magnetic needle is disturbed by the Aurora only
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when the fringes come into the plane of the dip. I employ the term fringe, which

1 first used in my paper on the definite arrangement and order of progress of the

meteor, as the term arch can have reference properly to two only of its dimen-

sions, while fringe may include the idea of all the three.

The observations of the 28th January lead to the conclusion, that the N.

pole of the needle (meaning the pole that is directed towards the N.) shifts

towards the most brilliant end of the fringe. The successive phenomena of that

evening were remarkably distinct, giving great facility to accuracy of observa-

tion ; and I remember nothing of the kind surpassing them in splendour. The

first fringe of that evening, which crossed the zenith, and faded in its W. end

as it got into the plane of the dip, exhibited, in the most distinct way, the man-

ner of the progress southward, by the extinction of streamers at its northern

face, and the sudden formation of new ones along the whole of its southern

face.

After making the attempt, I have found it impracticable to keep any journal

in detail, of the falling stars, on account of the great numbers that often occur

in the same evening ;
but I have not failed to observe them since my attention

was directed to them in the remarkable manner I mentioned to you in a

former letter*. I have now no doubt whatever that they are a branch or

modification of the Aurora borealis. In a vast majority of cases their paths

are parallel to the streamers of the aurora, that is, they are directed away

from that part of the heavens to which the upper end of the dipping needle

points ; and in those cases, comparatively few in number, where this parallelism

* Date Nov. 1 1 .—During the course of these observations, my attention lias been incidentally directed

to another meteor, that of falling stars
;
and the conclusions to which my observations of these phenomena

(as yet I must acknowledge very limited) have uniformly led, I have no doubt you will acknowledge to

be interesting. I would have introduced this subject to you in my last, had I not felt it proper to

wait till the views regarding them, which had at that time opened to me, should be ascertained to be

correct or not, by some continuance of observation.

On the evening of the 21st of September at 10£ r. m. there occurred an Aurora, rising above

the northern horizon in detached groups of bright streamers and nebulous patches of light. Many

flashes of sheet lightning were seen, during and after its continuance, in the western part of its space
;

and in the eastern part several falling stars descending among, and having paths quite parallel to, the

streamers. I could not quite satisfy myself whether the course of the sheet lightning was vertical in

a downward direction, on account of its suddenness ;
but that was the impression to which my obser-

vations chiefly led. Rut the correct parallelism of the paths of the falling stars to the streamers led
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is departed from, the paths can generally be referred to the planes of the

fringes of the Aurora, and, within these, to lines at right angles to the stream-

ers. I have even seen a succession of three or four or more falling stars, at

momentary intervals, whose paths were all wholly within the plane of a fringe,

or such a narrow zone as an elevated fringe would occupy
; and again, after

a considerable interval, have seen a similar succession in a similar zone,

further S., as if the planes in which they are active moved southward like the

fringes of the Aurora. But the circumstance which perhaps most convincingly

connects them with the Aurora, is their occurring in great numbers on those

evenings when it is visible, and their rareness at any other time, a fair example

of both which cases is to be found in the foregoing journal.

It will be perceived from this and my former communications, that the Au-

rora precedes and accompanies W. and S. W. gales, which are generally the

hardest we experience. In the absence of more direct observation, I may be

permitted at present, although it is not strictly legitimate, to refer to the popu-

lar belief, that the falling stars also are indicatory of hard gales.

I think there is now no doubt that the horizontal intensity is affected by the

Aurora borealis, as the indications are uniformly on one side, and longer prac-

tice has given me more confidence in the correctness with which I am enabled

to measure the times.

me to examine the direction of those I have seen since. They are now very numerous, and, without

any exception, their paths have been directed from a point near the meridian, within the limit of from

10° to 20° south of the zenith. These meteors, too, have been most frequent on those evenings when

the Aurora borealis appeared, with the exception of the evening of the 16 th October, when there was

no Aurora, but a great number of falling stars. The state of the weather and wind that night was,

however, such as led me to anticipate and make preparation for a display of the former. The paths

of those falling stars I have seen near the zenith have been all short in comparison with those seen on

the same night lower down.

These observations of mine have been too few, and limited to too short a period of time, to give con-

fidence in the inferences which are to be deduced from them
;
but being now put into your possession,

they will either soon be confirmed or their partial character shown : but it may surely be worthy of

inquiry, whether the falling stars of southern latitudes are the equivalents of our Aurora borealis.
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March 24 th, 1830. (Journal continued.)—Therm. 45°, observed a remarkable

Aurora. A bright fringe having a little deficiency near its vertex, but reaching

low towards each horizon, and about 4° broad, is near the plane of the dip. To

the northward of this, and crowding up to it with intervals only of about 3°, 4°,

and 5°, many fragments of another fringe, some of them 10° or 20° long from

E. to W., others much shorter ;
the general breadth of these varying from

about 4° to 6° or 7°- N. of these again other fragments of a fringe or fringes,

having their most lengthened dimensions very perceptibly in an E. and W.
direction ; and the whole northern part of the sky, down to a long dense

cloud stretching the length of the Coreen hills and elevated only 8° or 10°

above them, is filled with brilliant streamers, at times presenting apparently

inextricable confusion, and at other times partial appearances of arches. No
clouds in the region of the Aurora, nor southward of it, with the exception of

one on the S.W. horizon. A bright nebulous light about 15° high along the

whole S. horizon.

The whole lights in the N. part of the sky made a rapid progress southward ;

and the manner of this progress was repeatedly finely exhibited in the fringes and

fragments that had reached or passed the zenith, by the extinction of streamers

at their northern faces and the formation of new ones at their southern faces.

The advanced southern fringe expired when it had reached about 25° S. of the

zenith ;
and all did so, either when they attained a similar angle S., or before

they had gone so far. The confused mass of streamers in the N. as they came

forward in succession to the zenith, and passed that point, unfolded them-

selves into narrow zones of light at right angles to the magnetic meridian, or

very nearly so ; for there was occasionally a small deviation from parallelism

among themselves. These zones were more numerous than I have seen on any

evening before, and were separated from each other by less intervals, sometimes

not cxceeeding 3° or 4°, sometimes however 15° or 20°. There were among

them two complete and very lengthened fringes, besides the one first described ;

but the larger proportion consisted of only fragments of similar fringes, cut

short more or less in their E. and W. dimensions.

The needle on the steel point, from the first moment of observation was very

unsteady, shifting sometimes more slowly, and sometimes more rapidly and
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fitfully, within the limits of about 50°, in the most extreme case, on each side

of the ordinary magnetic line.

5 min. past 9 p.m.—With a very lengthened fringe in the plane of the dip,

varying much in intensity of light from end to end ; the needle on the steel

point shifted to 32° W. ; I then made trial of the intensity with the needle, and

observed the arc of oscillation, at the conclusion of 50 oscillations, much less

than I have uniformly before observed it. Time of 50 oscillations 224". Dropt

the needle on steel point, and found it now (a few seconds only after conclu-

ding the observation) 25' E. Repeated the trial of the intensity immediately,

and again found the arc of oscillation at the conclusion greatly diminished.

50 oscillations in 224".25. Needle instantly dropt on the steel point now
returned to 34' W.
Having examined the needle on the steel point for some considerable time,

and the extremely irregular nature of its movements, under the influence of

succeeding fringes coming into the plane of the dip, I conceive the true expla-

nation of the irregularity in the extent of the arcs occurred to me. The arc

of oscillation being bisected by the line of the magnetic force, when this line

changes its direction suddenly, as is indicated by the needle on the steel point,

the arc is either enlarged or diminished suddenly at the same time, accord-

ing as the line shifts from or towards that of the needle, at the moment when
it has completed an oscillation, to return in another

; and the time of the oscil-

lations is thus sensibly changed.

This conclusion might indeed have been drawn from the previously observed

phenomena, but did not occur to me till the experiments of this evening

brought it into view.

Besides changes in declination, the needle on the steel point often exhibited

a slight vertical movement and tremor, indicative of a change of the dip, and

showing thus another impediment to an accurate determination of the intensity.

At a quarter to 10 p. m. the region occupied by the Aurora was extensively

obscured by a haze, preventing further good observation.

Several circumstances occurred this evening confirming the views that the

observations of the 20th December last had led to ; viz. “ That the Aurora is

dependent on the condensation of vapour.” It is familiar to every one, resident

in a mountainous country, that clouds, even during hard gales, continue appa-
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rently stationary over the higher summits, and present themselves in these

situations when the rest of the sky is clear. The explanation is quite simple.

The lower saturated strata of air being carried over the summits, the dimi-

nished pressure and consequent expansion lower the temperature to the point

of condensation ; and as the air in its progress again descends, a reverse effect

occurs, and the vapour is again dissolved. A cloud of this kind appeared to

rest the whole time of the appearance of the Aurora over the line of the Coreen

hills, little elevated above them, and appearing to furnish, as it were, the base

of the bright Aurora in the northern part of the sky.

It has been stated that a detached cloud rested on the S. W. horizon ;

and the description of the circumstances attending it has been deferred till

now. It continued apparently stationary all the time of the observations

from 20 minutes to 9 till a quarter to 10 ; and I had no difficulty in

referring it with certainty to the summit of a large hill about six miles

from this place, having considerably more elevation than the Alford hills,

and standing several miles apart from any summit of nearly equal height.

Now over the top of this cloud, which was quite free of the northern Aurora,

and also of the nebulous Aurora at the S. horizon, there continued the whole

time a very bright nebulous light. The large hill referred to is not itself

visible from this place, on account of a high ground about a mile distant.

I have little doubt also that the nebulous Aurora at the S. horizon, which

likewise continued the whole time, ought to be referred to a range of hills

extending E. and W., about seven miles distant, and nearly as high as the

Coreen hills. A high ground about three quarters of a mile distant conceals

these hills from view, and would also conceal clouds over them, as high as

those above the Coreen, on this evening.

It would thus appear that the pencils or bundles of parallel rays of the

Aurora, denominated streamers, and whose longitudinal dimensions always

show themselves parallel to the dipping needle, become indistinct at the

distance of a few miles, being blended and softened down into a nebulous

light by the refraction and haze of the atmosphere.

The wind the whole time was a rather strong gale a point or two S. of W.

There have been very severe gales from the same quarter for three days past.

I have this evening again seen several falling stars during the continu-
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ance of the Aurora, having seen none since I saw it last. Four were over the

Coreen hills, and the paths of all were nearly but not quite parallel to the

streamers. As if in correspondence with the great brilliancy of the Aurora,

they were very large and bright, fully equal at least to Jupiter.

My attention having been sometimes directed to the diurnal variation of

the needle, for the purpose of ascertaining whether any interference might

be expected between it and the influence of the Aurora, I have been led by

many observations (of the whole of which indeed I have no regular notes, but

only of a few,) to conclude that the quantity of the variation depends on the

brightness or gloominess of the weather. Thus, on the brightest day that has

occurred since I received the apparatus, the 2nd of October 1829, therm. 52°,

the diurnal variation at noon was 26' 20" W. On the two gloomiest days that

have occurred, the 3rd and 4th of December, 1829, therm, about 42°, the

diurnal variation at noon was 3' 20" and 3' 40" respectively. Again, some ob-

servations in the month of January last, on bright days, when yet the earth de-

rived little or no heat from the sun, owing to a close covering of snow and a

hard frosty wind,—and others, on bright days likewise, when the earth, much

cleared of snow, imbibed much heat,—would lead me to believe, that the

direct radiating heat of the sun has more effect than the light in causing the

increased variation, when the state of the earth’s surface is such as to imbibe

that heat.
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VII. Remarks on several icebergs which have been met with in unusually low

latitudes in the southern hemisphere. By Captain James Horsburgh,

Hydrographer to the East India Company
,
F.R.S.

Read Feb. 4, 1830.

An apology might probably be necessary, in offering the following remarks

to the notice of the Royal Society, if they did not pertain to a phenomenon of

a novel nature, which may be interesting to those members of the Society who

are anxious for the elucidation of cosmographical science.

It appears that icebergs, until lately, have seldom been seen by navigators

in their passage near the Cape of Good Hope and the coast of South Africa ;

for the journals of the ships belonging to the East India Company, during the

whole of the last century, do not specify that any icebergs had been seen in

the route of their navigation in the southern hemisphere, although several of

these ships proceeded into the parallels of latitude 40°, 41°, and 42° south.

On April the 7th, 1828, the Harmonie, French ship from Calcutta, bound

homeward, in latitude 35° 50' south, longitude 18° 5' east of Greenwich, saw

several icebergs, some of them appearing to be 100 feet elevated above the sea,

and passed between two of them, upon which the sea broke violently. When
amongst these icebergs, the Harmonie fell in with the Spanish ship Constancia

from Manilla, bound to Cadiz, the pilot of which describes them as follows :

April 7th, 1828, at lOf a.m. saw a small island, appearing like a white

cloud, and soon afterward some shadowy lines were observed in it, as is usual

in land : upon a nearer approach, it appeared to be a large island of con-

siderable height divided into two summits. Soon after, three other small

islands were discovered at a short distance from the former. At 11^ a.m.,

perceived that they were white, and that the light of the sun was reflected from

their surface as from a mirror. We were perplexed with this phenomenon till

noon, being then in latitude 33° 56' south, longitude 16° 59' east of Greenwich,

by chronometer, corresponding with lunar observations. Sounded, but got

no bottom at 135 fathoms ; and the sea continuing of a green colour, we con-

cluded these were icebergs, which had drifted to latitude 35° 54|' south, longi-
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tude 17° 59' east. Steered W.S.W. till 2 p.m. and spoke the French vessel

L’Harmonie from Calcutta. At 3^ p.m. discovered two more icebergs, which

we passed at 4§ p.m., the most southerly of these presenting a square of 25

or 30 toises of elevation, but without an apex like the other near it. At the

distance of three miles to the north of these, another iceberg of large size

appeared.

On the 28th of April, 1828, the brig Eliza from Antwerp, bound to Batavia,

fell in with five icebergs in latitude 37° 31' south, longitude 18° 17’ east of

Greenwich, having the appearance of church steeples, and apparently from 250

to 300 feet high, which were passed within the distance of a quarter of a mile

;

and the sea broke so violently against these enormous masses of ice, that at

first they were thought to be fixed on some unknown shoal, until on sounding,

no bottom could be obtained.

These icebergs, seen by the Eliza three weeks after the former were dis-

covered by the ships Harmonie and Constancia, although nearly on the same

meridian, were 32 leagues to the south of those first seen, and therefore must

have been different masses following nearly in the track of the former, and

carried along from a high southern latitude by the current and waves towards

the coast of South Africa.

The East India Company’s ship Farquharson, April 20th, 1829, in latitude

39° 13' south, longitude 48°46' east, fell in with a large iceberg, and when

near it the measured altitude gave 150 feet for its height above the surface of

the sea, and it appeared to be about two miles in circumference. If the height

measured from an altitude of this iceberg be correct, the whole height from its

base to the apex must have been 1000 feet or upward, by allowing for the

difference of gravity between ice and water, compared with the form of the

iceberg above the sea. When near it, the annexed view was taken.



IN LOW LATITUDES IN THE SOUTHERN HEMISPHERE. 119

Antecedent to these icebergs, discovered in April 1828, and April 1829,

none appear to have ever been seen to the northward of the 42nd or 43rd

degree of south latitude, in the Southern Ocean; but His Majesty’s store-ship

Guardian struck upon one in latitude 44° 10' south, longitude 44° 25' east, on

the 24th December 1789.

In the Encyclopedia by the late Dr. Rees, it is stated that “ floating ice

has occasionally been found in both hemispheres as far as 40° from the poles,

and sometimes, as has been said, even in latitudes 41° and 42°.” But it is now

ascertained that icebergs are carried to a greater distance from the poles

before they are dissolved.

As the icebergs in the southern hemisphere have been found further from

the pole in April than at any other time, it might be expected that in the

corresponding month of October they would in the northern hemisphere be

found at the greatest distance from the Arctic pole ; it however appears that

in the same month of April or May*, icebergs have been seen at the greatest

distance from the latitude of their formation, in the northern as well as in the

southern hemisphere ; in accordance with which the following examples may

be stated

:

April 14th, 1817, the Minerva from New York, bound to Liverpool, fell in

with four large icebergs in latitude 42° 47' north, longitude 47° west.

April 3rd, 1823, the Mountstone sailed from Plymouth for St. Johns

Newfoundland, and on the 7th of May struck against a mass of ice during a

thick fog, and shortly afterward filled with water :—the latitude not given.

May 14th, 1814, the fleet bound to Quebec, in latitude 44° 18' north, longi-

tude 50° 50' west, fell in with upwards of twenty large icebergs, some of which

were 80 feet above water ; and in the afternoon of the same day the convoy

passed a field of ice about 20 miles in extent, and about 30 feet elevated above

the sea, some parts considerably higher.

From the foregoing observations, the following remarks naturally arise

:

* There are, however, some exceptions to this remark ; as icebergs (it is said) have been seen

in July or August not far distant from the Azores
;
but perhaps this seldom occurs, for in these

months southerly winds prevail, with a warm atmosphere, and frequently a current setting to the

northward : all, together, forming a barrier of resistance to the advancement of icebergs to a low-

altitude in the North Atlantic Ocean.
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First,—That in April, or early in May, both in the northern and southern

hemisphere, icebergs, or large masses of ice, have been found in lower

latitudes than at other times, which appears to be anomalous, as a difference

of six months in time might be expected between the nearest approach to the

equator of the northern and southern icebergs.

Secondly,—That the existence of a large tract of land near the Antarctic

circle seems to be necessary for the origin and accretion of the southern

icebergs, and probably situated somewhere between the meridian of London

and longitude 20° east ;
from whence these icebergs have been carried in a N.

and N.N.easterly direction by the united forces of current, winds, and waves,

prevailing from S.S.W. and S.W. ; for Sandwich Land, in latitude about 60°

south, longitude 27° west, seems to be too far west from the prevailing line

of direction of the currents, winds, and waves, to be the place of formation

of the icebergs found near the Cape of Good Hope, and of that seen by the

Farquharson. Bouvet’s Island, and Thompson’s Island, in latitude about

54° south, longitude 5|° east, are not of magnitude sufficient to have been the

basis of these icebergs; and Kerguelen’s Island, in latitude 49° south, longi-

tude 70° east, is too far to the eastward to have been their original base.

Thirdly,—That from the unprecedented appearance of icebergs in the vici-

nity of the south coast of Africa in April 1828, and in April 1829 further to the

eastward, some unknown cause probably produced a disruption of these icebergs

from the place of their formation, such as an earthquake, or volcanic forces,

which seldom or never had before happened in those regions
; but more parti-

cularly during the last century, a period when icebergs have not been seen in

the Southern Ocean near the coast of South Africa.

if, however, these icebergs were dislocated from the land by some unknown

cause, which seldom or never had before happened, the anomaly adverted to

above, of the northern and southern icebergs appearing in the lowest latitudes

in April or May, would in such case only apply to these icebergs having been

carried from the polar regions by similar currents in the same months, instead

of a difference of six months, in reference to the set of the North Atlantic cur-

rent and that of the Southern Ocean, as might have been expected.
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VIII. On the progressive improvements made in the efficiency of steam engines in

Cornwall,
with investigations of the methods best adaptedfor imparting great

angular velocities. By Davies Gilbert, Esq. President.

Read March 4, 1830.

In the year 1827, some observations I had made on steam engines were ho-

noured by a place in the Philosophical Transactions. I am therefore induced

to lay before the Society further particulars illustrative of the progress by which

that most important machine has reached its actual high state of improve-

ment. On a subject of less magnitude 1 should not have presented to the

Society a mere collection of matter in detail, unconnected by any general ar-

rangement of the facts : but every thing appears to me of great interest that

bears on the history of an invention that has continually advanced towards

perfection by the aid of chemical, mechanical, and mathematical sciences ; an

invention that has already altered and improved the condition of mankind

;

and seems destined to produce consequences the most beneficial to civilized

society, by extending the dominion of intellect over muscular power and brute

force. I am moreover desirous of preserving information derived from docu-

ments which have never yet passed out of private hands, and are consequently

liable to be lost or destroyed.

For all practical purposes the steam engine must be considered as origina-

ting with Mr. Newcomen; the introduction of a moveable diaphragm between

the active power and the vacuum or less elastic medium, being essential to the

very principle of the machine as a moving power.

Mr. Newcomen’s engines were brought into Cornwall very early in the last

century, where they immediately superseded the laborious method of drawing

water by human exertions, applied through the simple medium of a chain

pump, similar in construction to those at present used on board large ships.

So inartificial, indeed, was the machinery in mines at this comparatively recent
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period, that I well remember an individual who used to boast of his having

assisted in constructing the first Whim, or contrivance for applying the

strength of horses to the lifting of weights, that was seen in the peninsula west

of I Iayle and of St. Michael’s Mount.

The only material improvement ever made to Mr. Newcomen’s engine, had,

1 apprehend, been effected previously to its introduction into Cornwall, which

consisted in the automatic opening and shutting of the valves. It consequently

remained in nearly the same state up to the time when a new sera commenced

from the appearance of Messrs. Boulton and Watt.

The use of Mr. Watt’s engine, secured to him by a patent in 1769, and

extended by Parliament to the year 1800, was offered on terms reasonable in

themselves, and fairly growing out of the subject. These were, payments of

one third part of -all the savings in fuel, to be estimated by a comparison of the

new engines with those on the former construction executing equal quantities

of work.

Experiments on a large scale were accordingly instituted in the summer of

1778 on two atmospheric engines, then supposed to be the most perfect of any

at work in Cornwall ; conducted by Messrs. Boulton and Watt themselves on

one part, and by the engineers and managers of mines on the other, assisted

by some of the most respectable gentlemen of the county, who were interested

either as proprietors of the land, or as adventurers in the mines.

The following is a copy of their Report

:

“ Poldice Mines, October 30, 1778.

“ We the under subscribers having carefully examined the books of the mine

touching the consumption of coals of the two eastern engines during the

months of August and September of this present year, and attended to the

working of the engines during those months, do hereby certify, that the said

two eastern engines did consume in Cl days of those two months 220 weys of

coal, each wey being G4 Winchester coal bushels, which amount to 14’080

bushels in 61 days.

“ Wc do also certify, that the said two engines together do work pumps in

four lifts which are 17 inches diameter in the working barrels, and the whole

depth from whence these pumps drew water to the adit is 58 fathoms.

“ Wc further certify, that the said engines did during those months of August
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and September last, work the said pumps at the rate of 6 strokes of 5^ feet

long each in every minute, which amounts to 8640 strokes per 24 hours.

“We have also made an accurate calculation, by which it appears that when

the new fire-engine to be erected by Messrs. Boulton and Watt is completed,

and actually works a pump of the same depth of 58 fathoms and 17 inches in

diameter at the rate of 6 strokes of 5^ feet long each in a minute, and conse-

quently making 8640 strokes per 24 hours, it will draw a quantity of water

equal to that now drawn by both the present engines, and consequently what-

ever smaller quantity of coals it uses than 14’080 bushels for 61 days when

going at the rate of 6 strokes per minute, will be the real savings in fuel oc-

casioned by the said new engine at that rate of going.

(Signed) “ James Watt.
“ Matthew Boulton.
“ H. Hawkins Tremayne,
“ Richard Williams.

“ John Williams.
“ Thomas Brown.”

A pound avoirdupoise lifted through one foot had not at that period been

established as the dynamic unit.

The product of pounds raised, and of the number of feet through which they

are lifted in a given time, divided by the number of bushels of coal (supposed

to weigh 84 pounds) burnt in the same interval, give what is now termed the

duty of the engine, and afford a perfect criterion of its comparative merit.

The most convenient method of forming this estimate is by multiplying

together, the diameter in inches squared, of the lifting box, or of the plunger

piston, the height of the lifts in fathoms, and 2.04 (log. 3.3095101) the weight

in pounds avoirdupoise of a cylinder of water one inch in diameter and six

feet long, the product gives the weight.

This, multiplied by the length of the stroke in feet, and by the number of

strokes in a given time, and finally divided by the number of bushels of coal

consumed, will give the duty.
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In the certified case,

Inches in the diameter of the lifting box 17, sq. 289 . . . Log. 2.46089/8

Length of the column in fathoms 58 1.7634280

Constant multiplier 2.04 0.3095101

Weight in pounds 34185 4.5338359

Length of lifts 6 feet x 5£ the number in a minute = 33,

33 multiplied by 1440 = 47520, and this number
X by 61 = 2’898720 6.4622063

Pounds into feet during the whole period of 61 days
99092’800000 10.9960422

Bushels of coal consumed in the 61 days 14.080 4.1486027

The duty 7’037800 6.8474395

If the quantity of water lifted at each stroke is required in imperial gallons
;

square as before the diameter of the lifting box or plunger in inches, multiply

by the length of the stroke in feet, and by 0.034 (the fractional part of an im-

perial gallon in a cylinder one inch in diameter and a foot long—the loga-

rithm 8.5313588) : the product will be the gallons raised.

Diameter in inches squared as before Log. 2.4608978

6 feet 0.7781513

Constant multiplier 0.034 8.5313588

Number of gallons 58.94 1.7704079

5£strokes in a minute, X minutesin61 days 87’840 = 483.120 5.6840550

Imperial gallons in 61 days = 28’475000 7-4544629

Eacli separate engine on the new construction underwent a constant com-

parison, during the whole time of its continuing in action, with the duty of the

two standard atmospheric engines as reported by the committee.

The diameter of the various lifting boxes or plungers, the length of the lifts

or columns of water, and the lengths of the strokes, were matters of common

notoriety
; and the number of times moved by each engine in a given period

was ascertained by a contrivance denominated a Counter, placed on the great

beam ; this apparatus involves a series of wheels and pinions set in motion by
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a weight rolling in each direction, and acting through the medium of an

escapement similar to that of a clock.

In the year 1 793, that is fifteen years afterwards, an account was taken of

the work performed by seventeen engines on Mr. Watt’s construction, then

working in Cornwall. This statement is not verified in the authentic manner

of the former ; but there do not appear to be any reasons for doubting of its

correctness. The average duty was 19’569000 pounds of water raised one foot

high, by the consumption of one bushel of coal ; exceeding the standard expe-

riment on the two atmospheric engines in the proportion of 2.78 to 1, or nearly

as 2-t- to 1. So that work requiring by the atmospheric engines 278 bushels of

coal, would be performed by Mr. Watt’s steam engine by 100 bushels, con-

sequently 178 would be saved. One third part of these must have been paid

to Messrs. Boulton and Watt as patentees, leaving a clear gain to the mine

of 118 bushels, being more than the quantity consumed.

Some years later, disputes took place as to the real performance of Mr.Watt’s

engines, and a reference was agreed on between the parties to five individuals,

of whom I had the honour to be one ; and in May 1798 returns were made

by the agents in various mines, of all the particulars respecting twenty-three

engines, from which I then deduced their respective duties for the information

of the referees.

It will not be necessary to trouble the Society with more of these particulars

than the diameter of the cylinder, whether it worked single or condensed, both

above and below, and the final result or duty in millions of pounds lifted one

foot high by the consumption of one bushel of coals.
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Diameter of

Cylinder in

inches.

Duty. Observations.

1 20 10’015000
o 21 16’385000

3 45 29’668000 It was believed at the time that some inaccuracy must have oc-

4 36 28’212000 curred in the communications respecting these two engines.

Double 5 42 18’193000

6 63 15’190000

Double 7 45 15’180000

8 45 15’571000 On the same mine. The length of strokes in all but one, six

9 45 15 090000 feet; in that, eight feet. Average duty of the whole, 15’985000.

10 45 14384000
Double 11 42 18’740000

12 42 15’532000

13 36 18’465000

14 — 12’226000 The diameter of the cylinder not returned.

15 30 14’050000

16 20 12’366000

Double 17 14f 6’097000

18 30 13’931000

19 28 19739000
20 36 24’514000

21 21 13’215000

22 20 15’034000
*

23 48 27503000 £Supposed to be the best engine.

17’671000 The general Average in 1798.

It may be observed that the average duty was here somewhat less, than it

had been found in 1793, confirmatory of an opinion generally entertained that

the steam engines had deteriorated from the time of Mr. Watt’s quitting his

residence near Redruth.

The principles and even the mechanism of Mr. Watt’s engines have re-

mained unaltered since their first introduction, unless a change in the precise

periods of opening and closing the valves could be considered a variation.

But to such an extent has the economy of fuel been carried by the use of

steam at a high degree of temperature and consequently of pressure, usually

from fifty to sixty inches of mercury above the atmosphere, by extending the

expansive action to two thirds or even to three quarters of the whole descent

of the piston, by making small fire-places, with sharper drafts, in iron tubes

surrounded by the water of the boiler, by more effectually preventing the

escape of heat, by enlarging the engines themselves, and perhaps by executing

the work with superior accuracy, that in the monthly return of duty performed

in Cornwall by the steam engines in December 1829,—the best engine with
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a cylinder of 80 inches did 75’628000, exceeding the duty performed in 1 795

in the proportion of 3.865 to 1, or as 27 : 7 nearly : and exceeding the standard

atmospheric engines of 1778 by 10.75 : 1. But subject as in former times to a

great variation between different engines apparently similar in all respects

;

the average being about forty-one million and a half.

Greatly as we are indebted to Mr. Watt for his improvement of the steam

engine used in exhausting water from mines, our obligations to him are still

greater for originating and carrying almost to a state of perfection, the appli-

cation of steam as a moving power to machinery, in all the complicated and

varied uses of mechanical inventions in this country.

In effecting this most important object, the double engine was first brought

into use, the extremely ingenious contrivance for producing parallel motion

was invented, and the principle of centrifugal force enabled an apparatus

called a Governor to regulate a supply of steam inversely proportionate to the

velocity which might at any instant be acquired ; and the use of fly-wheels,

perfectly understood in theory, became subservient to the regularity of motion,

and to the gigantic efforts of our most ponderous machinery. We owe further

to Mr. Watt the introduction, at least into general use, of what is termed be-

velled geer.

When wheels acting on each other by means of teeth have their axes parallel,

the teeth however curved on themselves, must obviously be parallel also on

their line of contact. But when the axes are inclined, the line of contact

between the teeth should then be directed to the point where the two axes

would intersect, thus assimilating their action to that of a cone revolving round

a centre on a circular plane.

Having on various occasions had my attention drawn to the consideration

of machines forced into rapid action by great powers moving at a compara-

tively slow rate, I have been induced to make endeavours for ascertaining the

amount of friction in several instances.

The mode adopted has been to impart equal velocities to the machine per-

forming the work for which it was destined, and in a state disincumbered from

all extraneous impediments, and then to compare the forces applied under

these different circumstances. The media of communication being in all cases

axes with wheels, impelled by teeth, or cogs.

In some instances the friction was found to equal two-thirds of the whole
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resistance, in others a half, and in some few instances one-third : evidently

becoming less as the wheels were increased in size
; and always greatly di-

minished by the introduction of an additional axis for multiplying the angular

velocity. In similar machines recently constructed on the best principles,

friction is said not to exceed a tenth.

With the hope of reducing the amount of this great impediment to the

useful application of motive force, I have been led to consider what would be

the most proper form of teeth or cogs, and by how many intermediate steps a

given increase of angular velocity might be most advantageously effected.

It is quite clear, with respect to cogs or teeth, that to give them theoretical

perfection, they should be so formed as to communicate an equable velocity

from the driving to the driven wheel
;
and at the same time to roll upon them-

selves free from any sliding, the cause of friction and of abrasion.

Either of these properties may be separately obtained ; but the two are

utterly incompatible, except at the limit where teeth disappear and the wheels

themselves are in contact.

For producing equable velocities.

The involute from a circle, receives continually an accession of length to its

radius of curvature equal to the development of the generative arc. Conse-

quently, if involutes are formed in opposite directions from two circles of

magnitudes inversely proportionate to the angular velocities of their respec-

tive wheels, the extremities of the two radii of curvature will always remain

in contact, forming together a tangent to the evolute circles crossing the line

of the centres. The angular velocities must therefore be uniform, while the

surfaces will slide on each other, and create a friction proportionate to the

difference of length between the radii of curvature.

For avoiding friction between the cogs or teeth.

As logarithmic spirals preserve always a constant angle between the ordi-

nate and the curve, if two similar logarithmic spirals act against each other,

they must continue to roll without friction, the ordinates remaining in contact

on the line of the centres, but causing angular velocities in the inverse pro-

portion of those ordinates.

It is plain therefore that the two properties are incompatible, since the loci

of contact between the curves producing them are in different lines. But since

the involutes may be generated from circles indefinitely small, without refer-



MADE IN THE EFFICIENCY OF STEAM ENGINES IN CORNWALL. 129

ence to the size of the wheels, and the logarithmic spirals may be inclined at

any angle : at their ultimate limit the lines of the centres and of the tangents

will coincide, producing equable velocities and avoiding friction
; but at this

point the teeth or cogs disappear, and the wheels revolve with a contact of

their peripheries.

As cogs become oblique, their contact produces an increase of pressure with

augmented friction on the axes : but I am induced to believe, from the results

of such trials as I have been enabled to make, as well as from theory, that an

uniform angular motion is the great object to be sought, especially in ponderous

machinery, and above all where fly-wheels are applied. The expedient usually

resorted to, of making the teeth small and consequently many in number, ren-

ders attention to any precise curvature less necessary ; but this subdivision is

limited by want of strength ; and I would venture to recommend the involute

form, producing an equability of angular motion.

When angular velocities are to be multiplied in large machines, the effect

can scarcely be produced in any other way than by the usual one, of wheels

unequal in diameter and consequently in the numbers of their teeth.

The question then to be resolved is this :

By the interposition of how many such pairs of wheels can the ultimate

angular velocity be most advantageously produced ?

Wishing to obtain a solution accurate to no further degree than what may

be sufficient for the guidance of practical experiments, I omit to take any

separate account of the friction caused by the teeth of the wheels as distinct

from that of their axes, and I shall consider the wheels and axes throughout

the train in a constant ratio to each other, although as the actual pressure

becomes less, the axes maybe reduced in size, and thereby friction diminished.

When two forces act on an axis from the peripheries of two wheels attached

to it ;
one for receiving motion, and the other for conveying it on through the

train, the pressure on the axis may be the sum of the two forces, their differ-

ence, or any intermediate quantity according to the positions of the points

communicating with the preceding and with the subsequent wheels
; the pres-

sure is most usually their sum, as convenience generally requires that the

power should be received and carried forwards at opposite points.

mdcccxxx. s
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Let the diameters of the two wheels be as 1 : d, then will the amount of

pressure on the axis be d + 1 . Assuming the axis and wheels next in suc-

cession to be similar in all respects, the pressure on them will be less than on

the former in proportion to the increased angular velocity, but the prime

mover having the disadvantage of leverage in the same proportion, the retard-

ing effect of friction will be precisely equal in both ; whence it is obvious,

that the same ratio should continue throughout all the series, or that the mul-

tiplication of angular velocity should proceed in a geometrical proportion.

Let then the whole increase of angular velocity be represented by a, and let

the number of axes employed be x. Then in the usual mode of applying the

wheels the friction on each axis will be a 1
-f- 1 . And the friction of the whole

\_

of the axes will be (a
1 + 1) x. To find when this is a maximum, let A = the

y
natural logarithms of a. Then will the fluxion of (a

x

-f- 1) x be

— A . a
x

. x~ -

1

x -f- a
x
- x -f- x when this is put = 0

A

By approximating it will be found that when
i

a = 120 x or the number of axes = 3.745, and
(
a
x

-f l).a? or the fric-

tion 17-9 instead of 121 if x were unity and the whole

angular velocity communicated at once, about one seventh

part.

a — 100 x — 3.6 friction 15.64 about 10 parts in 64 of the whole, as

above.

a — 40 x = 2.88 friction 13.25, about one third part of 41.

When a = 3.59 the minimum of friction falls on a single axis.

a = 12.85 the minimum of friction is on two axes.

a = 46.3 the minimum of friction is on three axes.

a = 166.4 the minimum falls on four axes.

In practice it is obvious that x must represent a whole number.

Let a = 64 x may be either two or three.
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If x — 2 the friction will be 18.

3 the friction will be 15.

If the wheels be so arranged that the resultant of the two forces on the

axes equal the larger in magnitude, x becomes = to A, and the amount of

j_
i_

friction aA x A but aA = the radix of the natural system of logarithms
;
con-

sequently the friction in this case will be e X A.

If the points of the two wheels receiving and communicating motion are

placed in the same right line parallel to the axes, the general expression

A 1
becomes x — ]

~
ITa

- 1 evidently giving to x an infinite magnitude: but this

can indicate no more in practice than the advantage of so arranging the com-

munications of motion when it can possibly be done.

As fly-wheels are of essential use in preserving uniform velocities, or for ac-

cumulating power in almost all rotatory movements produced from those that

alternate, and as the power of the centrifugal force has sometimes exceeded

the cohesion even of iron, I shall conclude this paper with an adaptation of

a well-known theorem to common use.

Let r = the radius of a wheel expressed in feet.

v = the velocity of the rim where all the weight is supposed to be

accumulated, expressed in feet in a second.

s = the space in feet through which a body descends in one second

16.0899 ;
log. 1.2065541.

F = the centrifugal force.

Then F =^
Let n = the number of revolutions in a second.

c = the periphery of the circle to diameter unity = 3.14159.

log. 0.4971499.

Then F = r .n2 X 1.2268 (log. 0.0887757).

Consequently for an approximate value,

The centrifugal force = the radius X number of revolutions in a second

squared X 1.2.

s 2
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If N = the number of revolutions in a minute, the product found as above

must be divided by 60 x 60 = 3600 ; consequently F = r N2 X
0.00034078 (log. 6.5324732.)

For an approximate value,

The centrifugal force == the radius x number of revolutions in a minute

squared x 34 and cutting off live places of figures.
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IX. On the laws of the polarization of light by refraction.

LL.D. F.R.S. L. 8s E.

By David Brewster,

Read Feb. 25, 1830.

J-N the autumn of 1813 I announced to the Royal Society the discovery which

I had then made of the polarization of light by refraction * ; and in the No-

vember following I communicated an extensive series of experiments which

established the general law of the phenomena. During the sixteen years which

have since elapsed, the subject does not seem to have made any progress.

From experiments indeed stated to have been performed at all angles of inci-

dence with plates of glass, M.Arago announced that the quantity of light which

the plate polarized by reflexion at any given angle was equal to the quantity

polarized by transmission
; but this result, founded upon incorrect observa-

tion, led to false views, and thus contributed to stop the progress of this

branch of optics.

I had shown in 1813, from incontrovertible experiments, that the action of

each refracting surface in polarizing light, produced a physical change on the

refracted pencil, and brought it into a state approaching more and more to that

of complete polarization. But this result, which will be presently demonstrated,

was opposed as hypothetical by Dr. Young and the French philosophers ; and

Mr. Herschel has more recently given it as his decision, that of the two con-

tending opinions, that which was first asserted by Malus, and subsequently

maintained by Biot, Arago, and Fresnel, is the most probable,—namely, that

the unpolarized part of the pencil, in place of having suffered any physical

change, retains the condition of common light.

I shall now proceed to apply to this subject the same principles which I

* In this discovery I was anticipated by Malus.
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have already applied to the polarization of light by reflexion, and to establish

on the basis of actual experiment the true laws of the phenomena.

The first step in this inquiry is to ascertain the law according to which the

polarizing force of the refracting surface changes the position of the planes of

polarized light,—a subject which, in as far as I know, has not occupied the

attention of any other person.

If we take a plate of glass deviating so slightly from parallelism as to throw

off from the principal image the images formed by reflexion from its inner

surfaces, we shall be able to see, even at great obliquities, the transmitted light

free from all admixture of reflected light. Let this plate be placed upon

a divided circle, so that we can observe through it

two luminous discs of polarized light A, B (Fig. 1.)

formed by double refraction, and having their planes

of polarization inclined + 45° and — 45° to the plane

of refraction. At an angle of incidence of 0°, when

the light passes perpendicularly, the inclination of

the planes of polarization will suffer no change ; but

at an incidence of 30° they will be turned round

40'
; so that their inclination to M N or the

angle aac will be 45° 40'. At 45° their inclination

will be 46° 47'- At 60° it will be 50° 7
f

;
and it will

increase gradually to 90°, where it becomes 66° 19'.

Hence the maximum change produced by a single

plate of glass upon the planes of polarization is

66° 19' — 45° = 21° 19', an effect exactly equal to

what is produced by reflexion at angles of 39 or 70°.

It is remarkable, however, that this change is made in the opposite direction,

the planes of polarization now approaching to coincidence in a plane at right

angles to that of reflexion. This difference is exactly what might have been

expected from the opposite character of the resulting polarization, the poles of

the particles of light which were formerly repelled by the force of reflexion,

being now attracted by the refracting force.

In this experiment the action of the two surfaces is developed in succession,

so that we cannot deduce from the maximum rotation of 21° 19', the real

Fig. 1.



THE POLARIZATION OF LIGHT BY REFRACTION. 135

action of the first, or of a single surface, which must be obviously more than

half of the action of the two surfaces, because the planes of polarization have

been widened before they undergo the action of the second surface.

In order to obtain the rotation due to a single

surface, I took a prism of glass ABC (Fig. 2.)

having such an angle BAG, that a ray RR,

incident as obliquely as possible, should emerge

in a direction R r perpendicular to the surface

AC. I took care that this prism was well

annealed* and I caused the refraction to be

performed as near as possible to the vertex A, where the glass was thinnest

and consequently most free from the influence of any polarizing structure.

In this way I obtained the following measures.

Glass.

Angles of Inclination of Planes ab, cd, (Fig. 1.)

Incidence. to the Plane of Reflexion.

87° 38' 54° 15' .

54 50 47 25 . . .

32 20 45 22 . . .

I next made the following experiments with two kinds of glass,—the one a

piece of parallel plate glass, and the other a piece of very thin crown. The

latter had the advantage of separating the reflected from the transmitted

light.

Plate Glass. Crown Glass.

Incidence. Inclination. Rotation. Inclination. Rotation.

0° . . 45° 0' 0° 0'
. . 45° 0'

. 0° 0'

40 . . 47 28 2 28 . . 47 18 2 18

55 . . 49 35 4 35 . . 49 19 4 19

67 • . 52 53 7 53 . . 52 16 . 7 16

80 . . 58 53 . 13 53 . . 58 42 . 13 42

86i
. . 61 16 . 16 16 . . 61 0 . 16 0

I was now desirous of ascertaining the influence of refractive power, although

I had already determined in 1813, that a greater quantity of light was pola-

rized, at the same angle of incidence, by plates of a high than by plates of a

Rotation.

. .
9° 15'

. . 2 25

. . 0 22

Fig. 2.
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low refractive power. I experienced great difficulty in this part of the inquiry,

from the necessity of having plates without any crystalline structure. I tried

gold leaf in a variety of ways ; but I found it almost impossible to obtain cor-

rect results, on account of the light which was transmitted unchanged through

its pores.

By stretching a film of soapy water across a

wire I obtained the following measure.

Water.

rectangular frame of copper

Incidence. Inclination. Rotation.

0
CO

. 54° 1
7'

• • . . 9° 17'

I next tried a thin plate of metalline glass of a

Metalline Glass.

very high refractive power.

Incidence. Inclination. Rotation.

0° . . . 45° 0' . . O
o

©

20 . . . 45 42 . . 0 42

30 . . . 46 50 . . 1 50

40 . . oGO 3 0

55 . . . 51 12 . . 6 12

80 . . . 62 32 . . . . 17 32

From a comparison of these results it is manifest that the rotation increases

with the refractive power.

In examining the effects produced at different angles of incidence, it becomes

obvious that the rotation varies with the deviation of the refracted ray ; that is,

with i — i' the difference of the angles of incidence and refraction. Hence from

a consideration of the circumstances of the phenomena I have been led to

express the inclination <p of the planes of polarization to the plane of refrac-

tion by the formula,

Cot <p = cos (i — «'),

the rotation being = <p
— 45°.

This formula obviously gives a minimum at 0°, and a maximum at 90°

;

and at intermediate points it represents the experiments so accurately, that

when the rhomb of calcareous spar is set to the calculated angle of inclination,

the extraordinary image is completely invisible,—a striking test of the correct-

ness of the principle on which it is founded.

The above expression is of course suited only to the case where the inclina-
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tion x of the planes of polarization ab, cd, (Fig. 1,) is 45°; but when this is not

the case, the general expression is

Cot p = cot x cos (£ — i').

When the light passes through a second surface, as in a single plate of glass,

the value of x for the second surface is evidently the value of p after the 1 st

refraction, or in general, calling 0 the inclination after any number n of refrac-

tions, and p the inclination after one refraction,

Cot 0 = (cot p)
n

When 6 is given by observation we have

Cot p
— _y cot 0.

The general formula for any inclination x and any number n of refractions is

Cot 0 = (cot x cos (i — i')')
n
, and

Cot p = cot x cos (
i — i').

And when x = 45 and cot x = 1 as in common light,

Cot 0 — (cos (i — i'))
71

.

Cot p = „y cos
(
i — i').

As the term (cos (i — i'))” can never become equal to 0, the planes of pola-

rization can never be brought into a state of coincidence in a plane perpen-

dicular to that of reflexion, either at the polarizing angle, or at any other

angle.

In order to compare the formula with experiment, I took a plate of well an-

nealed glass, which at all incidences separates the reflected from the transmitted

rays, and in which m was nearly 1.510, and I obtained the following results.

MDCCCXXX. T
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Angles of Angles of Rotation Inclination Inclination

Incidence. Refraction. observed. observed. calculated.
Difference.

0°
.

0° 0'
.

0° 0'
.

45° 0'
. 45° 0'

10 . 6 36^ . 0 13 . 45 13 . 45 6 .
+0° 7'

20 . 13 5 . 0 27 . 45 27 . 45 25 +0 2

25 . 16 15 . 0 32 . 45 32 . 45 40 . -0 8

30 . 19 20 . 0 40 . 45 40 . 46 0 . -0 20

35 22 19 . 1 12 . 46 12 . 46 25 . —0 13

40 . 25 10 . 1 30 . 46 30 . 46 56 . —0 26

45 • 27 55 . 1 42 . 46 47 . 47 34 . -f 0 47

50 . 30 29 2 48 • 47 42 . 48 24 . -0 42

55 . 33 52 . 3 54 . 48 54 . 48 59 . —

0

5

60 . 35 0 . 5 7 . 50 7 . 50 36 . —

0

29

65 . 36 53 . 6 48 . 51 48 . 52 7 . —0 19

70 . 38 29 . 8 7 . 53 7 . 53 59 . -0 52

75 . 39 45 . 9 55 . 54 55 . 56 18 . — 1 23

80 . 40 42 . 12 10 • 57 10 . 59 5 1 55

85 . 41 17 . 15 45 . 60 45 . 62 24 . —

1

39

86 . 41 21 . 16 39 . 61 39 . 63 9 .
—

1

30

90 . 41 28 66 19

The last column but one of the Table was calculated by the formula,

Cot 0 = (cos ( i — i' ))
2

n being in this case 2. The conformity of the observed with the calculated

results is sufficiently great, the average difference being only 41'. The errors

however being almost all negative, I suspected that there Avas an error of ad-

justment in the apparatus ; and upon repeating the experiment at 80°, the point

of maximum error, I found that the inclination was fully 58° 40', giving a dif-

ference only of 25' in place of 1° 55'. I did not think it necessary to repeat

all the observations ; but I found, by placing the analysing rhomb at the calcu-

lated inclinations, that the extraordinary image invariably disappeared, the

best of all proofs of the correctness of the formula.

In these experiments x — 45° and cot x = 1 ;
but in order to try the formula

when x varied from 0° to 90°, I took the case where the angle of incidence was

80° and <p = 58° 40' when x = 45°. The following were the results.
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Values of X.
Inclination

observed.

Inclination

calculated.
Difference.

0°
.

0° 0' . .
0° 0'

. .
0° 0'

H 7 10 . . 7 20 -0 10

5 9 40 . 8 19 + 1 21

10 . 17 10 . . 16 25 + 0 45

15 . 24 42 . . 24 6 + 0 36

20 . 32 30 . . 31 19 + 1 11

25 . 39 15 . . 37 54 + 1 21

30 . 44 10 . . 43 5

7

+ 0 13

35 . 49 38 . . 49 28 + 0 10

40 54 36 . . 54 31 + 0 5

45 . 58 40 . . 59 5 -0 25

50 . 63 10 . . 63 19 — 0 9

55 . 66 58 . . 67 15 -0 17

60 . 70 18 . . 70 56 -0 38

65 • 74 8 . . 74 24 — 0 16

70 • 76 56 . • 77 42 — 0 46

75 • 79 20 . . 80 53 — 1 33

80 . 83 23 . . 83 58 — 0 35

85 '« . 86 23 . . 86 0 + 0 23

90 . 90 0 . . 90 0 0 0

The last column but one was calculated by the formula cot 0 = cot x
.
(cot

58° 40')2 . The differences on an average amount only to 36'.

In determining the quantity of polarized light in the refracted pencil, we

must follow the method already explained for the reflected ray, mutatis mu-

tandis. The principal section of the analysing rhomb being now supposed to

be placed in a plane perpendicular to the plane of reflexion, the quantity of

light Q' polarized in that plane, will be

Q' = 1 — 2 cos 2
<p,

the quantity of transmitted light being unity. But

Cot <p = cot x cos (i — i
1

), .

and as cot <p = and sin2 cos2 <p — 1, we have the quotient and the

t 2
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sum of sins <p and cos2 <p to find them. Hence

_ (cot x cos (i — 2)Y
Cos2 <z> = — LL

1 + (cot x cos (i — i')y

and by substituting this for cos2 <p in the former equation, it becomes

n, _ , „ (cot x cos (i - i'))
2

1 ”
/ . . .v\2

1 + (cot X COS
(
l — I

1

))

Now since by Fresnel’s formula the quantity of reflected light is

n
/sin2 (i — 2) tan2

(i — 2)\

~ \sin2
(f + 2) ' tan2

(i + 2)

)

R
^sin

2
(i + 2) ' tan2

(i + i

the quantity of transmitted light T will be

T = 1

Hence

1
2

/sin2
(t — 2) tan2

(i — 2)\

\sin 2
(? + 2) ' lan2

(z‘ + 2))

Q' = sin2 [i — 2)

sin
2
[i + 2)

+
tan3 (i — 2)\\ /,

tan2
(f + ;')/J V

- 2
(cos (i —

2)J

1 + (cos (2 — 2))

l2l\
i'))V

This formula is applicable to common light in which cot x — 1 disappears

from the equation
;
but on the same principles which we have explained in a

preceding paper, it becomes for partially polarized rays and for polarized

light,

,V C , 1
/sin 3 (2— 2) 9 tan® (i — 2) . „

Q = I 1 — Ar I -
-
a/- ,

—
/< cos2 x + :

—

2 f ,~ 7 \ sin2 x
\ a \sin2 (2 + 2)

1 tan2
(2 + 2) ))(*-

(cot x cos (i—2)) s

! + (
cot X cos

In all these cases the formula expresses the quantity of light really or ap-

parently polarized in the plane of refraction.

As the planes of polarization of a pencil polarized + 45° and — 45° cannot

be brought into a state of coincidence by refraction, the quantity of light po-

larized by refraction can never be mathematically equal to the whole of the

transmitted pencil, however numerous be the refractions which it undergoes ;

or, what is the same thing, refraction cannot produce rays truly polarized, that

is, with their planes of polarization parallel.

The preceding analysis of the changes produced on common light, considered

as represented by two oppositely polarized pencils, furnishes us with the same

conclusions respecting the partial polarization of light by refraction, which we

deduced in a preceding paper respecting the partial polarization of light by
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reflexion. Each refracting surface produces a change in the position of the

planes of polarization, and consequently a physical change upon the trans-

mitted pencil by which it has approached to the state of complete polarization.

This position I shall illustrate by applying the formula to the experiments

which I have published in the Philosophical Transactions for 1814.

According to the first of these experiments, the light of a wax candle at the

distance of ten or twelve feet is wholly polarized by eight plates, or sixteen

surfaces of parallel plate glass at an angle of 78° 52'. Now I have ascer-

tained that a pencil of light of this intensity, will disappear from the extraor-

dinary image, or appear to be completely polarized, provided its planes of

polarization do not form an angle of less than 88f° with the plane of refraction

for a moderate number of plates, or 88^° for a considerable number of plates,

the difference arising from the great diminution of the light in passing through

the substance of the glass. In the present case the formula gives

Cot 0 — (cos (i — i'))
16
and d = 88° 50'

;

so that the light should appear to be completely polarized, as it was found to be.

At an angle of 61° 0' the pencil was polarized by 24 plates or 48 surfaces.

Here

Cot 6 — (cos (i — i'))
48 = 89° 36'.

At an angle of 43° 34' the light was polarized by 47 plates or 94 surfaces.

Here

Cot 6 = (cos (i — i'))
94 and ^ = 88° 27'.

It is needless to carry this comparison any further
;
but it may be interest-

ing to ascertain by the formula the smallest number of refractions which will

produce complete polarization. In this case the angle of incidence must be

90°.

Hence <p = 56° 29' and (cos
(
i — i'))9 gives 88° 36', and (cos (i — i))

10

89° 4'; that is, the polarization will be nearly complete by the most oblique

transmission through 4^ plates or 9 surfaces, and will be perfectly com-

plete through 5 plates or 10 surfaces.

Having thus obtained formulse for the quantity of light polarized by refrac-
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lion and reflexion, it becomes a point of great importance to compare the re-

sults which they furnish. Calling R the reflected light, these formulae become

But these two quantities are exactly equal, and hence we obtain the important

general law, that,—At the first surface of all bodies, and at all angles of inci-

dence, the quantity of light polarized by refraction is equal to the quantity

polarized by reflection. I have said ‘ of all bodies’, because the law is equally

applicable to the surfaces of crystallized and metallic bodies, though the action

of their first surface is masked or modified by other causes.

It is obvious from the formula that there must be some angle of incidence

where R = 1 — R, that is, where the reflected is equal to the transmitted

light. When this takes place, we have sin2 <p
— cos2 <p', that is,

The reflected is equal to the transmitted light, when the inclination of the

planes of polarization of the reflected pencil to the plane of reflection, is the

complement of the inclination of the planes of polarization of the refracted

pencil to the same plane
;—or if we refer the inclination of the planes to the

two rectangular planes into which the planes of polarization are brought,

—

The reflected will be equal to the transmitted light when the inclination of the

planes of polarization of the reflected pencil to the plane of reflection, is equal

to the inclination of the plane of polarization of the refracted pencil to a plane

perpendicular to the plane of reflection.

In order to show the connection between the phenomena of the reflected

and those of the transmitted light, I have given the following Table, which

shows the inclination of the planes of polarization of the reflected and the re-

fracted pencil, and the quantities of light reflected, transmitted, and polarized,

at all angles of incidence upon glass, m being equal to 1.525, and the incident

light = 1000.
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Angles of

Incidence,

i.

Angles of
Refraction,

Inclination of

Plane of Pola-

rization of the

Reflected Light,

Inclination of
Plane of Polari -

zation of the Re-
fracted Light,

<p.

Quantity

of Light
Reflected,

R.

Quantity of

Light trans-

mitted,

1 - R.

Quantity of 1

Light Pola-

rized,

Q.

o / o o , O ,

0 0 0 0 45 0 45 0 43.23 956.77 0 .

2 0 1 18-1- 44 57 45 0.7 43.26 956.74 0.07

10 0 6 32 43 51 45 3 43.39 956.61 1.73

20 0 12 58 40 13 45 13 43.41 956.59 7.22

25 0 16 5 37 21 45 21 43.64 956.36 11.6

30 0 19 H 33 40 45 31 44.78 955.22 17-24

35 0 22 6 29 8 45 44 46.33 953.67 24.4

40 0 24 56 23 41 46 0 49.10 950.90 32.2

45 0 27 374 17 22| 46 20 53.66 946.33 44.0

50 0 30 9 10 18 46 45 61.36 938.64 57.4

56 45 33 15 0 0 47 29 79.5 920.5 79-5

60 0 34 36 5 H 47 541 93.31 906.69 91.6

65 0 36 28 12 45 48 42 124.86 875.14 112.7

70 0 38 2 18 32 49 28 162.67 837-33 129.8

75 0 39 18 26 52 50 55 257.56 742.44 152.3

78 0 39 54 30 44 51 48 329-95 670.05 157.6

78 7 39 55 30 53 51 50 333.20 666.80 157-65

79 0 40 4 31 59 52 7 359-27 640.73 157-6

80 40 40 13 33 13 52 27\ 391.7 608.3 156.7

82 4 40 35 36 22 53 26-v 499.44 500.56 145.4

84 0 40 42 38 2 53 57 560.32 439.68 134.93

85 0 40 47 39 12 54 22 616.28 383.72 123.7

85 50; 40 501 40 12 54 44 666.44 333.56 111.11

86 0 40 51 40 22-V 54 48 676.26 323.74 108.67

87 0 40 54 41 32 55 16 744.11 255.89 89.8

88 0 40 574 41 23 55 43 819-9 180.1 65.9

89 0 40 58 43 51 56 14 904.81 95.19 36.3

90 0 40 58 45 0 56 29 1000. 0. 0.

It is obvious from a consideration of the principle of the formula for reflected

light, that the quantity of polarized light is nothing at 0° because the force

which polarizes it is there a minimum. At the maximum polarizing angle, Q
is only 79° because the glass is incapable of reflecting more light at that angle,

otherwise more would have been polarized. The value of Q then rises to its

maximum at 78° 7', and descends to its minimum at 90°
;
but the polarizing

force has not increased from 56° 45' to 78° 7', as the value of <p' shows. It is

only the quantity of reflected light that has increased, which occasions a

greater quantity of light to disappear from the extraordinary image of the

analysing rhomb.

The case however is different with the refracted light. The value of Q'

has one minimum at 0° and another at 90°, while its maximum is at 78° 7',
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while the force has its minimum at 0° and its maximum at 90°, where its effect

is a minimum only because there is no light to polarize. At the incidence of

78° 7', where the quantities Q ,
Q' reach their maxima, the reflected light is

exactly one half of the transmitted light ; sin2 d = cos2 <p and tan d = cos <p.

At 85° 50' 40", where the transmitted light is one half of the reflected light,

the deviation (i — i') = 45°, and the quantity of polarized light is one third of

the transmitted light, one sixth of the reflected light, and one ninth of the

incident light. Sin2 d : cos2
<z> = reflected light : transmitted light, and

cot d — s in (*
— $)•

At 45° we have (i + i') + (* — i') = 90° and d — (

i

— i'),

Tan (i - «') = and tan (i - if =
(sin (i -f i

1

))*

At 56° 45', the polarizing angle, the formula for reflected light becomes

11 = \ (sin2
(i — i'))

2
; but at this angle we have i' — 90° — i. Hence we

obtain the following simple expression in terms of the angle of incidence, for

the quantity of light reflected by all bodies at the polarizing angle.

R = a (cos 2 i)
2

.

1 have already mentioned the experiment of M. Arago with plates of glass,

in which he found that “ at every possible inclination” the quantity of light

polarized by transmission was equal to the quantity polarized by reflexion.

This conclusion he extends to single surfaces
; but it is remarkable that the

law is true of single surfaces in which he did not ascertain it to be true, while

it is incorrect with regard to plates in which he believes that he has ascertained

it to be true. As the consideration of this point does not strictly belong to

the present branch of the inquiry, I shall reserve it for a separate communica-

tion, “ On the action of the second surfaces of transparent plates upon Light
”

Allerly, December 29, 1829.



X. On the action of the second surfaces of transparent plates upon light.

By David Brewster, LL.D. F.R.S. Lond. 8$ Edin.

Read February 25
, 1830.

In

-

a paper on the Polarization of Light by Reflexion, published in the Philo-

sophical Transactions for 1815, I showed that the Law of the Tangents was

rigorously true for the second surfaces of transparent bodies, provided that the

sine of the angle of incidence was less than the reciprocal of the index of

refraction. The action of the second surfaces of plates at angles of incidence

different from the maximum polarizing angle, was studied by M. Arago, who

conducted his experiments in the following manner.

“ With respect to this phsenomenon,” says M. Arago, “ a remarkable result

of experiment may here be noticed ; that is, that in every possible inclination

A = A' *

Let us suppose that a plate of glass E D
(Fig. 1.) is placed in the position that the figure

represents before a medium A B of a uniform tint

;

for instance, a sheet of fine white paper. The eye

placed at O, will receive simultaneously the ray

I O reflected at I, and the ray BIO transmitted

at the same point. Place at m n an opaque dia-

phragm blackened, and perforated by a small hole at S. Lastly, let the eye

be furnished with a doubly refracting crystal C, which affords two images of

the aperture.

“ If now, by means of a little black screen placed between B and I, we

stop the ray BI which would have been transmitted, the crystal properly

placed will give an ordinary image = A -j- | B, and an extraordinary image

* A is the light polarized by reflexion, and A' that polarized by refraction.

Fig. i.

MDCCCXXX. U
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= h B. But if the screen were placed between A and I, and the ray A I

were intercepted, we should still have two images of the hole, and their inten-

sities would be ^ B' and A' + ^ B' respectively. Consequently, without any

screen, if the whole of the reflected light A 10, and the transmitted BIO
are allowed to arrive at the eye, we shall have for the ordinary image

A -f i B + ^ B', and for the extraordinary image ^ B -f- A' + \ B'.

“ Now it appears from actually making the experiment, that the two images

are perfectly equal, whatever may he the angle formed by the ray A I with the

plate of glass which can only be because A is always equal to A'. Conse-

quently

“ The quantity of polarized light contained in the pencil transmitted by a

transparent plate is exactly equal, to the quantity of light polarized at right

angles, which is found in the pencil reflected by the same plate.”

We have no doubt that M. Arago obtained these results, particularly near

the polarizing angle, at which limit they are rigorously true
; but at all other

angles of incidence they are wholly incorrect. When we consider, indeed, the

nature of the experiment which has been lauded for its elegance and ingenuity,

we shall see reason to pronounce its results as nothing more than coarse esti-

mates, in which the apparent equality of the two images is the effect either of

imperfect observation or of some unrecognized compensation.

If we make the experiment in the manner F!s- 2-

shown in Fig. 2. with a colourless and well

annealed prism of glass E F D, in place of

a plate of glass ; and make the ray B I enter

the surface F D perpendicularly at I, we get

rid of all sources of error, and we obtain, what

is really wanted, the result for a single surface.

In this case the experiment is not disturbed by

the light reflected from the inner surfaces of

the prism, which is all thrown off from the pencil

which enters the eye. A B

In M. Arago’s form of the experiment, part of the ray B I (Fig. 1.) undergoes

reflexions within the plate, and there comes along with it to the eye, at O, a

portion of light polarized in the plane of reflexion : in like manner the part ofthe
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pencil AI that enters the plate, undergoes partial reflexions, and the part reflect-

ed from the first surface carries along with it another portion of light polarized

in the plane of reflexion, so that four portions of light polarized in the plane

of reflexion reach the eye, while only two portions reach it polarized at right

angles to the plane of reflexion, viz. those which are polarized by the refrac-

tion of each of the surfaces of the plate. Now the part of the pencil A I which

suffers a first reflexion from each of the surfaces of the plate, is, as we shall

presently show, defective in polarized light compared with that which has ex-

perienced two refractions, so that it requires the above additional quantities to

produce a compensation with the transmitted pencil B O. If this is not the true

cause of the apparent compensation, that is, if M. Arago took means to exclude

the reflected pencils which seem to have produced the compensation, we must

then ascribe the equality of the two images to inaccuracy of observation.

But even if we admit that M. Arago’s experimental results are correct

with regard to plates, it necessarily follows that they cannot be true with

regard to surfaces : for it is obvious from the slightest consideration of the

subject, that the phenomena of the one can never be interchangeable with

those of the other.

In order to demonstrate these views by an analysis of the changes which the

intromitted light experiences from the two refractions and the intermediate

reflexion of a transparent plate, I took a plate of glass of the shape M N (Fig. 3.)

having an oblique face M d

cut upon one of its ends.

A ray of light R A, pola-

rized + 45° and — 45°, was

made to fall upon it at A,

at an angle of incidence of

nearly 83°, so that the incli-

nation of the planes of pola-

rization of the reflected ray

A P was about 36^°. Now the ray A C after reflexion in the direction C S,

without any refraction at B, where it emerges perpendicularly to M d
,
would

also have had the inclination of its planes of polarization equal to 36|° if there

had been no intermediate refraction at A ; but this refraction alone being

u 2
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capable of producing an inclination of 53° or a rotation of 53° — 45° = 8°,

and this rotation being in an opposite direction from that produced by the

second reflexion at C, the inclination of the planes of polarization for the ray

C S is nearly 44^°, the reflexion at C having brought back the ray A C almost

exactly into the state of natural light.

Without changing either the light or the angle, I cemented a prism M cd

on the face M d, so that c d was parallel to d N, and I found that the second

refraction at b, equal to that at A, changed the inclination of the planes of

polarization to 53°; that is, the two refractive actions at A and b had overcome

the action of reflexion at C, and the pencil bs actually contained light polarized

perpendicular to the plane of reflexion.

In order to put this result to another test, I took a plate M c N Q (Fig. 3.) of

the same glass, which separated the pencil b s reflected at the second surface,

from the parallel pencil A P reflected from the first surface, and I found that

at an angle of 83°, the value of the inclination I or <p for the ray was about 37^°,

while the value of I for the ray bs was nearly 55°, an effect almost equal to the

refractive action of a plate at 83° of incidence.

When the pencil II A is incident on the first surface at the polarizing angle

or 56° 45', the rotation produced by refraction at A is about 2°, or the inclina-

tion I = 45° + 2° = 47°
;
but the maximum action of the polarizing force at C

is sufficient to make 1 = 0° whether x is 45° or 47°. Hence CB is completely

polarized in the plane of reflexion, and the refractive action at b is incapable

of changing the plane of polarization when 1 = 0°: the reason is therefore

obvious why the two rotations at A and b, of 2° each, produce no effect at the

maximum polarizing angle.

If we now call

<p = Inclination to the plane of reflexion produced by the 1st refraction

* at A,

<p' — Inclination produced by the reflexion at C,

<p" = Inclination produced by the 2nd refraction at b,

We shall have

l

cos (i — {')
Cot <p = cos (i — i')

;
or tan <p =
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Cot <p" = cot x (cos (i — i') )
=

m i A /cos (i + i') cos (i + i
1

)Tan 0 ' = tan x (
—r-— = 1 r—\cos

(
1 — v) (cos ( 2 — t)

)
3

(cos (i — i') )
s

cos
( + i’)

These formulse are suited to common light where x = 45°, but when x varies

they become

Cot <p = cot x (cos (

i

— i')

)

~ , / cos (i + i') \
Tan t = tan a-

^ n / /(C0S(i — Z
7
) )

3
\

Cot p" = (cot * (

[

cos \ i + ).

Resuming the formula for common light, viz. cot p" = ^
CQS

f?
, it is

obvious that when (cos (i — i
1

) )
3= cos (i + i'), cot <p" = 1, and <p" = 45°

; that

is, the light is restored to common light.

In glass where m — 1.525 this effect takes place at 78° 7’; a little below 78°

in diamond
;
and a little above 80° in water.

At an angle below this, <p becomes less than 45°, and the pencil contains light

polarized in the plane of reflexion ; while at all greater angles <p is above 45°,

and the pencil contains light polarized perpendicular to the plane of reflexion.

Hence we obtain the following curious law.

“ A pencil of light reflected from the second surfaces of transparent plates,

and reaching the eye after two refractions and an intermediate reflexion, con-

tains at all angles of incidence from 0° to the maximum polarizing angle, a

portion of light polarized in the plane of reflexion. Above the polarizing

angle the part of the pencil polarized in the plane of reflexion diminishes till

cos (i + i') = (cos (i — i')
)
3
, when it disappears, and the whole pencil has

the character of common light. Above this last angle the pencil contains a

quantity of light polarized perpendicularly to the plane of reflexion, which

increases to a maximum and then diminishes to zero at 90°.”

Let us now examine the state of the pencil C S' that has suffered only one

refraction and one reflexion. Resuming the formula tan <p' = cos (2 + i
1

)

(cos (2 — 2
V
) )

2 ’
it

is evident that when (cos (i — i')
)
2 = cos (£ + i'), <p' = 45°, and consequently

the light is restored to common light. This takes place in glass at an angle
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of 82° 44'. At all angles beneath this the pencil contains light polarized in

the plane of reflexion ; but at all angles above it, the pencil contains light pola-

rized perpendicular to the plane of reflexion, the quantity increasing from

82° 44' to its maximum, and returning to its minimum at 90°.

By comparing these deductions with the formula and table for reflected light

given in my paper On the Laws of the Polarization of Light by Refraction, the

following approximate law will be observed. When

Cos (i — i') = cos (i + i') All the incident light is reflected.

(Cos (i — i') )
2 = cos (

i

+ *’) Half the incident light is reflected.

(Cos (i — i') )
3 = cos (i + i') A third of the incident light is reflected.

(Cos ( i — i') )n = cos (i + i') An nth part of the incident light nearly is

reflected.

This law deviates from the truth by a regular progression as n increases,

and always gives the value of the reflected light in defect. Thus

Angles of Incidence. Values of n. Differences.

82° 44' 2 0

78 34 3 12

75 38 4 21

08 56 8 38

66 4 11 43

61 22 20 50

Let us now apply the results of the preceding analysis to M. Arago’s experi-

ment shown in Fig. 1. Suppose the angle of incidence to be 78° 7', and let the

light polarized by reflexion at A (Fig. 3.) be=m, and that polarized by one refrac-

tion also = 7)i. Then since the pencil bs is common light, the polarized light

in the whole reflected pencil AP, bs is —m, whereas the light polarized by the

two refractions is = 2m ; so that M. Arago’s experiment makes two quantities

appear equal when the one is double that of the other. If the angle exceeds

78° 7', the oppositely polarized light in the pencil b s will neutralize a portion

of the polarized light in the pencil AP, and the ratio of the oppositely polarized

rays which seem to be compensated in the experiment, may be that of 3m or

even 4m to 1

.

Having thus determined the changes which light undergoes by reflexion
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from plates, it is easy to obtain formulae for computing the exact quantities of

polarized light at any angle of incidence, either in the pencil CBS or bs.

The primitive ray RA being common light, AC will not be in that state, but

will have its planes of polarization turned round a quantity x by the refraction

at A ; so that cot x = cos (

i

— i'). Hence we must adopt for the measure of

the light reflected at C the formula of Fresnel for polarized light whose plane

of incidence forms an angle x with the plane of reflexion. The intensity of AC
being known from the formula for common light, we shall call it unity, then

the intensity I of the two pencils polarized — x and -j- x to the plane of reflexion

will be

, sin2 (

i

— i')

sin2 (z + 2)
COS2 X +

tan2 (i — 2)

tan2
(

i

+ 2)
sin2 x and

Q = I - 2

cos (

i

+ 2) \ 2

(cos (i — 2) y)
/ cos (i + 2) \ 2

\(cos
(
i — 2) y)

)

In like manner if we call the intensity of CB = 1, we shall have

Tan x — cos (i + 2)

(cos (i — 2)f

and the intensity I of the transmitted pencil bs

I == 1
sin2 (z — 2)

sin2 (t + 2)
cos2 X +

tan2
[i — 2)

tan2
(z + 2)

sin2 x and

Q -( I l

(cos ( i — z
7
))

s
\ 3

cos (z + 2) J

1 + ( (cos (i - 2))*
yV cos (i + 2) /

<

)

I shall now conclude this paper with the following Table computed from the

formulae in pages 148, 149, and showing the state of the planes of polarization

of the three rays AC, CS, and bs.
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Angle of Incidence
on the

First Surface.

Angle of Refraction

at First Surface, and
Angle of Incidence

on Second Surface.

Inclination of Plane
of Polarization of

A C Fig. 3.

Inclination of Plane
of Polarization of

C S Fig. 3.

Inclination of Plane
of Polarization of

bs Fig. 3.

o / O ! o / O / O /

0 0 0 0 45 0 45 0 45 0

32 0 20 33 45 34 32 20 32 51

40 0 25 10 45 58 24 12 24 56

45 0 27 55 46 17 17 49 18 38
56 30 33 30 47 22 0 0 0 0

67 0 37 34 48 57 18 20 20 50

70 0 38 30 49 33 23 34 27 6

75 0 39 46 50 45 32 22 37 48

78 37 40 29 51 49 38 10 44 59

79 0 40 33 51 56 38 49 45 46

80 0 40 42 52 16 40 27 47 46

83 0 41 5 53 21 44 39 53 40

86 30 41 23 54 47 50 58 60 13

90 0 41 58 56 29 56 29 66 19

Allerly, December 3 1 a2
,
1829
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XI. Observations made with the invariable pendulum (No. 4. Jones), at the

Royal Observatory
,
Cape of Good Hope, for the purpose of determining the

compression of the earth. By the Rev. Fearon Fallows, F.R.S. Astronomer

of the Cape Observatory. Communicated by the Lords Commissioners of

the Admiralty.

Read February 18, 1830.

The important problem of ascertaining the ellipticity of the earth has, for

a long time past, drawn forth the talents and labours of some of the most

scientific men in Europe ; and it still continues to be deemed an object of

especial regard by all who feel an interest in the promotion of natural know-

ledge. To attempt to depict the strenuous exertions, the innumerable fatigues,

the ardour for the improvement of science, which actuated so many illustrious

persons in endeavouring to discover the true figure of the earth, would only be

a waste of time ; as learned Societies have always recognised and stamped the

due meed of merit to each, and invariably appreciated and published to the

world the valuable results which have with so many difficulties been obtained.

The nations of Europe, emulous of each other in a work which particularly

distinguishes the acquirements of modern times, have encouraged and laudably

given their protection and sanction to eminent individuals engaged in under-

takings so conducive to the honour of an enlightened community.

Whatever difference of opinion may exist as to the respective values to be

attached to observations in the admeasurement of an arc of the meridian, or

by the variation in the lengths of the seconds pendulum made in different

latitudes, there can be no doubt that the former has this paramount ad-

vantage ; that certain fixed points are determined, by which the geography

of a country is considerably promoted, and at length brought as nearly as

possible to perfection: whilst the latter method possesses a superiority in

being able to concentrate under the immediate eye of the observer the results

MDCCCXXX. x
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of his inquiries, which are readily obtained, and easily performed and ac-

complished.

The Lords Commissioners of the Admiralty haying furnished this observa-

tory with the invariable pendulum (No. 4. Jones), which had for several years

been most strictly examined by Captain Sabine at Mr. Browne’s, in Portland

Place, London, and subsequently by the same learned gentleman in the course

of his inquiries in different parts of the earth, I wished at the earliest opportunity

to have a series of experiments made upon it, which might unite every possible

degree of accuracy on the part of the observers, as well as the utmost stability

in the structure intended for supporting the pendulum. From many unforeseen

circumstances, I found at length that the completion of this observatory would

be delayed for a considerable time, though previously I had, too fondly per-

haps, anticipated finishing it at a much earlier period ; and I therefore took

advantage of a small out-liouse (then of no further use) within a short distance

of the building, to erect a stout brick pier, well bonded, for the support of the

small transit instrument ; the same which I used in forming my catalogue of

273 southern stars reduced to the beginning of 1824.

Temporary chases were made for meridian observations
;
and the recess for

the clock (Molyneux’s *) and pendulum was soon constructed in a most sub-

stantial manner within a few feet of the transit. The top of this recess con-

sisted of a thick strong Robben-Island stone, perforated in the middle, and

chiselled out at the upper part, for the reception of the brass plate containing

the agate planes upon which the knife-edges of the pendulum rest. This plate

was securely fastened to the stone with cement ; and I found that when the

agates were once truly adjusted to level, they remained (with one exception

only, and I think this might be attributed to some error in one of the small

levels,) during the whole of the observations that succeeded. It is hardly

worthy of remark that at the end of each day’s work the knife-edges were

screwed up from the agates, and remained so till the commencement of another

series on the first favourable opportunity. The clock (adjusted to sidereal time

and corrected for rate by the stars,) was placed in the recess, having the bottom

of the case resting upon a large block of stone embedded in well-wrought clay,

and the back of the case was tightly screwed to a strong piece of well seasoned

* The new clock, not the old one.
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wood let into the wall. I have little doubt but that the good going of the

clock was by these means in a great measure secured. On each side of the

pendulum, somewhat above the middle of it, were suspended two of Jones’s

thermometers. The disk was formed of a small circle of card paper about

three-tenths of an inch in diameter, this measure being found to be the best

and most convenient. Instead of the wooden stand for supporting the small

telescope, through which the coincidences, or rather the disappearances and

re-appearances of the pendulum-rod and the disk are noted, as well as the

magnitude of the arc of vibration, a small thick brick pier was raised so as to

receive the plate to which the telescope is attached. The usual adjustments of

the clock, pendulum and telescope, being completed, we were now ready to

commence.

I here deem it right to notice the very able assistance which I received from

Captain Ronald : his exertions were truly praiseworthy
; I cannot recommend

them too highly. I likewise avail myself of paying a just tribute to the aid

which was afforded by Lieutenant Johnson, of the Honourable East India

Company’s Service, now superintendant of the observatory at St. Helena.

This gentleman being on a visit to me, very kindly at my request took an

active part in all the observations.

The sheets accompanying this short paper must be considered as the united

labours of Captain Ronald, Mr. Johnson, and myself, and the responsibility of

each as to accuracy must depend upon the papers signed with the observer’s

name. As far as I am able to judge of these things, the near agreement of

three independent series of observations is no small argument of their ac-

curacy.

It must not for a moment be conceived that I reckon our results as in any

way final in the determination of the compression of the earth, inasmuch as it

would be advisable to begin a new series of observations (say) in the midst of

winter, or what would be better, in different seasons of the year, lest the coeffi-

cient for temperature might require some correction ; though even this test can

hardly be supposed, from the experiments made by Captain Sabine on this very

pendulum in London, to be required. I have ever been of opinion, (how far

correct or not, I leave others to judge,) that the invariable pendulum ought

x 2
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to be a standard instrument in an observatory ; that it should be swung at all

seasons of the year ; that it would be proper to forward it on authorized occa-

sions to the various fixed observatories now situated in the northern and

southern hemispheres ; that the instrument should return again to the same

stations as before, and the observations be renewed ; that, finally, after each

circuit it should undergo a strict examination at the spot where it was first

tried, in order that it might proceed again as before. Should any harm take

place from improper packing or accidental circumstances, the evil would be

soon discovered, and the instrument repaired. The pendulum is of a very

delicate construction, and consequently it is the more necessary that it should

be as often as possible compared at those points where it has previously been

used.

Formulae used in computing the Observations.

a — greater, and b the lesser arc observed at the beginning and end of each

set of coincidences.

t = mean of the thermometers immediately adjacent to the pendulum.

1 1 = height of the barometer.

t = height of the attached thermometer.

It must be remarked that the sidereal day is reduced to a mean solar day for

comparison in London.

Log (reduct, for arc) = 9.55132 + log(a+&) -{-log (a— b) — log {log a—-log 6}
Reduct, for temp. — (t — 62°) X 0.421.

Log (reduct. for vacuum) = 9.31083 + log H. i

- {log (1 +*002083 . t — 53°) + log (1 +’6ooT.r - 53° }J

The specific gravity of the pendulum is assumed ... 8.6 Sabine.

The expansion for 1° of the pendulum 0.421 —
The temperature assumed as the standard for spec. grav. = 53° —
The temperature assumed as the standard for pendulum = 62° —
Specific gravity of the air (water =1) —j-y —
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The height of barometer assumed as standard for spec. grav. = 29.27 inches.

The height of the pendulum above the mean level of the sea in Table Bay

was found to be 32 feet nearly, and above the low-water mark 34 feet, on the

day when it was determined. Hence
Vibrations.

For 34 feet at the Cape . . . . Reduction = 0.14

For 83 feet in London . . . . Reduction = 0.34

Difference = 0.20

This quantity 0.20 vibration is additive to the difference between the num-

ber of vibrations (in a mean solar day) at Mr. Browne’s and the Cape.

Brief statement of the final results.

1st,—Captain Ronald.

Observations made in London.—Pendulum (No. 4. Jones).

Vibrations in a Mean Solar Day.

Mean of 100 coincidences . . . =86164.62

Observations made at the Cape of Good Hope.

Vibrations in a Mean Solar Day.

Mean of 270 coincidences = 86097-64

Mean of 160 = 86097.88

Mean of 200 = 8609774

True Mean of 630 = 86097-73

2nd,—Mr. Johnson.

Vibrations in a Mean Solar Day.

Mean of 240 coincidences = 86097792

Mean of 180 = 86097-898

True Mean of 420 —— = 86097-83
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3rd,—Mr. Fallows.

Vibrations in a Mean Solar Day.

Mean of 401 coincidences =86097-67

Mean of 419 =86097.66

Mean of 507 = 86097-70

Mean of 81 = 86097-69

True Mean of 1408 = 86097-68

Summary at the Cape.

Vibrations in a Mean Solar Day.

Captain Ronald. . True Mean of 630 coincidences = 86097-73

Mr. Johnson . . . True Mean of 420 = 86097.83

Mr. Fallows . . . True Mean of 1408 =86097.68

True Mean of 2458 = 86097-72

From this last conclusion, compared with that obtained by Captain Sabine

at Mr. Browne’s, in Portland Place, and which only differs -,Vth of a vibration

in a day from Captain Ronald’s subsequent determination, the compression of

the earth is very readily ascertained.

Let n = the difference in the number of vibrations of the pendulum at

London and the Cape. Then for

C -rro- n = 65.752

Compression < n = 67-344

v- 15-6-0 n — 68.828

London. No. of vibrations in a mean solar day . = 86164.64 Sabine.

Cape. No. of vibrations in a mean solar day . = 86097-72

66.92

Reduction due to difference of level from low-water mark = 0.20

True difference in the No. of Vibns in a mean solar day . = 67-12

This quantity gives the compression of the earth . . =
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I am aware that this compression somewhat differs from that obtained in

the Southern Hemisphere by Sir Thomas Brisbane, at Paramatta, though it

is nearly in accordance with M. Freycinet’s observations in Cape Town.

The documents, however, are here given, and I have every hope that they may

meet the public eye, and undergo the usual test of candid and liberal criticism.

Fearon Fallows.
Royal Observatory, Cape of Good Hope,

May 19th, 1829 .

P. S. The latitude of the Observatory is not yet ascertained by actual obser-

vation with the new mural circle. This instrument has been attached to its

pier for several months past ;
but from some discrepancies in reading, the cause

of which is not yet discovered, I am under the necessity of assuming 33° 55 ' 56"

as a very near approximate latitude*. The examination of the mural will go on,

and the conclusions be forwarded home when some definite opinion may be

formed of it.

* I connected the Observatory with my former temporary one in Cape Town, by a survey over the

intermediate ground.
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Appendix.

Observations made by Captain Ronald with the invariable pendulum (No. 4.

of Sabine), in Portland Place, London. Lat. 51° 31' 8".4.

1825. Barom. Therm.
No. of

Coin.
Disapp. Re-app.

Time of Coin-

cidence.
Arc.

inches. m s m s h m s

July 31 l

29-950 70.48 1 31 21 31 28 1 31 24.5 1.1 85
29-934 70.50 11 28 03 28 18 3 28 10.5 .610

29-944 69-75 1 13 35 13 45 11 13 40.0 1.110
Aug. 1 <

29-942 70.25 11 10 34 10 49 1 10 41.5 .575

29-942 70.35 1 33 55 34 01 1 33 58.0 1.320

29.941 70.65 11 30 31 30 45 3 30 38.0 .670

9 J
29.950 71-00 1 49 29 49 36 10 49 32.5 1.225

2
i 1

29.944 71-90 11 45 59 46 15 0 46 7.0 .640

r 29.944 71-90 1 58 01 58 08 0 58 4.5 1.305

L
29-944 71-80 11 54 26 54 41 2 54 33.5 .665

o ir 29.952 71-00 1 9 39 9 44 11 9 41.5 1.370
3

1L
29-952 71-80 11 6 02 6 14 1 6 8.0 .695

r 29-953 71.80 1 18 47 18 55 1 18 51.0 1.180
» 29-924 72.00 11 15 16 15 29 3 15 22.5 .605

r 29-584 72.20 1 52 51 52 57 0 52 54.0 1.310

29.574 72.00 11 49 11 49 24 2 49 17.5 .665

c \ 29-500 70.30 1 33 38 33 44 10 33 41.0 1.290
0,

!
29-520 70.75 11 30 18 30 30 0 30 24.0 .640

r 29-522 70.80 1 36 24 36 31 0 36 27.5 1.370
» 29-530 71.05 11 32 51 33 03 2 33 57.0 .685

c f 29-628 67.20 1 46 11 46 16 11 46 13.5 1.315
0

29.616 68.60 11 43 21 43 34 1 43 27.5 .650

Mean.

.

29-804

Observations computed.

Observations. Mean Temp. Interval.
Vib ns

in 24 Mean
Solar Hours.

Corr. for

Arc.

Rcduct. to

70° 82'Fahr.

Reduced Vib ns
in 24

Mean Solar Hours
at 62° Faiir.

1 70.49

h m s

1 56 46.0 86153.354 + 1-277 -0.139 86154.492
2 70.00 1 57 01.5 86153.899 1.124 0.345 86154.678
3 70.50 1 56 40.0 86153.143 1.568 0.135 86154.576
4 71.45 1 56 34.5 86152.949 1.378 + 0.265 86154.592
5 71.85 1 56 29.0 86152.754 1.534 0.434 86154.722
6 71.40 1 56 26.5 86152.666 1.685 0.244 86154.595

7 71.90 1 56 31.5 86152.843 1.260 0.455 86154.558
8 72.10 1 56 23.5 86152.560 1.541 0.539 86154.640

9 70.52 1 56 43.0 86153.249 1.467 -0.126 86154.590
10 70.92 1 56 29.5 86152.772 1.665 + 0.042 86154.479
11 67-90 1 57 14.0 86154.336 + 1.521 — 1.229 86154.629

Mean = 70.82

Correction for rate

Correction for buoyancy ....

Reduction to 62° Fa hr

86154.595

+ 0.441

+ 5.873

+ 3.713

86164.622*

* Note.
—

'I he accordance of this result with that obtained by Captain Sabine, is sufficient to show
that the instrument remained unaltered, and warrants the comparison of any future observations with
tlio obtained by former observers

; subject, of course, to any change, which it may have undergone
since that period, or that it may yet meet with, which can only be satisfactorily ascertained, when
another scries shall have been made with it, in London, where its rate is probably better known, than

at any other of Captain Sabine's stations.
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Mr. Browne, at whose house these observations were made, favoured me

with the rate of the clock, as follows

:

1825.

July 31

August 1

2

3

4

5

6

Cumming with Molyneux set =
s

12 p.m.

noon

12 p.m.

noon

12 p.m.

noon

12 p.m.

noon

12 p.m.

noon

12 p.m.

noon

+ 0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

+ 2.4

+ 0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

+ 0.2

Molyneux with Mean Time.
S

July 30th, fast 0.26

Aug. 6th, 0.55

4-)0i9

0.042 per diem.

Cumming gains 0.400

Gains on Mean Time. . 0.442=rate.

Observations made with the pendulum (No. 4, of Sabine). Observatory,

Cape of Good Hope. Lat. 33° 55' 56". By Captain Ronald.

1828. Barometer.
Thermometers.

No. of
Coin.

Disapp. Re- app.
Time of

Coincidence.
Arc.

A. B.

inches. m s m s h m s

r
29.906 72.2 73.2 1 4 53 5 9 12 5 1.0 1.03

INOV. Z6 4
29.917 74.7 75.7 31 42 5 42 17 14 42 11.0 .48

j
r 29.917 75.7 74.6 1 50 2 50 15 14 50 8.5 1.11

”1
L

29.947 71.3 72.3 31 27 13 27 26 17 27 19.5 .51

r 29-956 67.8 68.4 1 56 22 56 35 12 56 28.5 1.215

29.983 71.2 71.8 31 33 57 34 9 15 34 3.0 .520

\ 29-986 70.2 70.9 1 14 13 14 27 16 14 20.0 1.27

29-951 69.3 69.9 31 51 50 52 2 18 15 56.0 .52

29.951 69.3 69-9 1 57 45 57 59 18 57 52.0 1.27

”1
L

29-964 68.1 68.9 31 35 23 35 36 21 35 29.5 .53

29.966 66.3 67.2 1 55 49 56 1 9 55 55.0 1.175
40

| 29-998 67.5 68.2 31 33 44 33 59 12 33 51.5 .495

29-998 67.5 68.1 1 41 20 41 33 12 41 26.5 1.32
55

*

30.006 70.6 71.4 31 19 5 19 17 15 19 11.0 .54

29.997 72.7 73.4 1 25 52 26 8 16 26 0.0 1.200
55

<

29.966 72.3 73.0 31 3 8 3 22 19 3 15.0 .515

Jr 29-963 71.7 72.6 1 19 7 19 21 19 19 14.0 1.20

”1
L

29.966 71.9 72.8 31 56 31 56 44 21 56 37-5 .50

Mean.

.

29-963

mdcccxxx. Y
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Observations computed. The clock making on the 23rd, 86636.826*, on the

24th, 86636.916*, and on the 25th, 86637-024* sidereal vibrations in a mean

solar day.

Number of
Observations.

Mean Temp. Interval.
Vib'”' in 24 Mean

Solar Hours.
Correc. for

Arc.

Reduc. to

02° Fahr.

Reduced Vib ns
in

24 Mean Solar

Hours at 62° F.

1 73°.95

h m s

2 37 10.0 86085.584 + 0.891 + 5.031 86091.506
o 73.47 2 37 11.0 86085.643 1.024 4.829 86091-496
3 69-80 2 37 34.5 86087-102 1.164 3.284 86091.550
4 70.02 2 37 36.0 86087-189 1.232 3.376 86091.794
5 69-05 2 37 37-5 86087-276 1.249 2.968 86091.493
6 67-30 2 37 56.5 86088.486 1-077 2.231 86091.794
7 69-40 2 37 44.5 86087-790 1-329 3.115 86092.234
8 72.85 2 37 15.0 86086.073 1.138 4.568 86091.779
9 72.25 2 37 23.5 86086.569 -+• 1.114 + 4.315 86091-998

M ean .

.

70.90 Mean. . .

.

Correction for buoyancy
86091-738

+ 5.900

Number of Vibrations in vacuo, in 24 Mean Solar Hours.

.

86097-638

Rate of the Sidereal Clock.

Nov. 22nd. Nov. 24th. Nov. 25th.

Stars. Rates.

Compared

with

Observations

of

the

19

th

and

21

st.

Stars. Rates.

Compared

with

Observations

of

the

22

nd.

Stars. Rates.

Compared

with

Observations

of

the

22ud

and

24th.

a Pegasi ....

a Andromedae

7 Pegasi ....

/3 Arietis ....

s

+ 0 . 10
-

-07

.04

.12

.13

-17

.28

-37

+ -23_

+ .168

>

a Arietis . .

a Ceti ....

7 Eridani.

.

Aldebaran .

+o
s

.io-|

.29 {

.42 f
•35 J

a Pegasi ....

a App. Sc. .

.

I

/3 Arietis ....

a .

.

.

.

0 Ceti

5

7
a

7 Eridani. . .

.

Aldebaran .

.

Mean.

.

s

+ 0.351

.40

.45

.24

•49

.36

.43

-69

.55

+ -63 w

+ -459

cc ——— ....

7 Ceti

a

7 Eridani. . .

.

Aldebaran .

.

Mean.

.

Mean.

.

+ -290

1 1 ere the rate appears to have been increasing, and therefore a proportion

was made for each day’s observations, thus :

s

For the observations of the 23d, Rate + 0.270

24th, . . . + .360

25th, . . . + .468

* Note.

—

I n these numbers, both in this and the two following series, the rate of the clock is in-

cluded, being = 8GG3G.55G + rate.
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Observations with the pendulum (Continued).

1829-
Attached.

Therm.
Barom.

Thermometers.

A.
|

B.

No. of
Coin.

Disapp. Re-app.
Time of

Coincidence.
Arc.

inches. m S m s h m S

T 7 / 72.0 30.035 72.4 73.0 1 51 16 51 31 15 51 23.5 1.12
Jan. 7 <

73.5 30.020 73.0 73.6 21 36 20 36 34 17 36 27.0 .62

/ 77.5 29-964 76.2 76.8 1 34 22 34 36 21 34 29.0 1.18

”1 77-0 29.919 74.8 75.2 21 19 10 19 25 23 19 17.5 .66

/ 77.5 29.919 75.6 76.0 1 30 4 30 18 23 30 11.0 1.37

76.5 29.900 74.5 75.1 21 14 46 15 2 1 14 54.0 •73

R r 69.0 29-952 69.0 69.6 1 45 56 46 11 15 46 3.5 1.30

1
69.6 29.951 70.6 71.1 21 31 3 31 18 17 31 10.5 •71

72.0 29.951 70.6 71.2 1 36 41 36 56 17 36 48.5 1.26

72.5 29-932 72.0 72.6 21 21 45 21 58 19 21 51.5 •69

f 72.5 29-932 72.0 72.7 1 27 44 27 58 19 27 51.0 1.23

”1 74.0 29-925 72.6 73.4 21 12 43 12 58 21 12 50.5 .66

74.0 29.925 72.3 73.0 1 24 10 24 22 21 24 16.0 1.49

”i 73.0 29.926 72.4 73.1 21 8 59 9 15 23 9 7-0 .83

73.0 29-926 72.3 72.9 1 14 46 15 2 23 14 54.0 1.19

73.0 29.918 70.9 71.5 21 59 45 0 0 0 59 52.5 .66

Mean.

.

73.54 29.943

On the morning of the 9th the clock was found stopped, which prevented

the continuance of this series.

Observations computed. The clock making on the 7th, 86636.306, and on the

8th, 86636.215 sidereal vibrations in a mean solar day.

Number of

Observations.
Mean Temp. Interval.

Vibns
in 24 Mean

Solar Hours.
Correc. for

Arc.

Reduc. to

62° Fahr.

Reduced Vib" 3
in

24 Mean Solar

Hours at 62° F.

1 73?00

li m s

1 45 3.5 86086.539 + 1.206 + 4.631 86092.376
2 75.75 1 44 48.5 86085.228 1.349 5.789 86092.366
3 75.30 1 44 45.5 86084.746 1.794 5.599 86092.139
4 70.08 1 45 7-0 86086.756 1.607 3.402 86091.765
5 71.60 1 45 3.0 86086.408 1.513 4.042 86091-963
6 72.67 1 44 59-5 86086.058 1.418 4.492 86091.968

7 72.70 1 44 51.0 86085.359 2.145 4.505 86092.009
8 71.90 1 44 58.5 86086.015 + 1.363 + 4.168 86091.546

Mean .

.

72.88 Mean. . .

.

Correction for buoyancy
86092.016

+ 5.866

Number of Vibrations in vacuo, in 24- Mean Solar Hours. . .

.

86097-882

y 2
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Rate of the Sidereal Clock.

Jan. 7th.

Stars. Rates.

s

a Ceti .... — 0.32 "I

a Persei. . .

.

.10

y Eridani .

.

.30

o .

.

.28

X .

.

.04

43d .

.

.40

'P .30 >

y Cali Sc. .

.

.47

y Orionis .

.

.52

S .08

£ - . . .28

i •• .12

|3 Auriga? .

.

- .04 ,

Mean — .250

O ~
cd

*£ oj

"5

O) o
t-
03
CL,

s
o
O

Jan. 8th.

Mean

Stars. Rates.

a Ceti ....

s

-0.40 n

y Eridani .

.

.43

y Cali Sc..

.

.10

Capella .... .50

Rigel .30

y Orionis .

.

.20

K •• .30

(3 Aurigae .

.

— .50 J

.341

a .

> r-

£ S
*5

<L>

u «5-
os O
cu
S
o
O

Observations with the pendulum (Continued;.

, ftOQ Attached
Therm.

Barom.
Thermometers.

No. of
Coin.

Disapp. Re-app.
Time of

Coincidence.
Arc.

A. B.

inches. m S m S h m S

i ,cj '8.0 29-986 80.1 80.8 1 57 22 57 34 20 57 28.0 1.41
Jan. 16

| 7g 0 29-998 73.2 73.7 21 41 55 42 9 22 42 2.0 •77

/ 78.0 29-998 74.0 74.6 1 47 16 47 30 22 47 23.0 1.30

”1 76.0 29-990 72.7 73.2 21 32 2 32 16 0 32 9.0 •71

/
76.0 29-990 72.8 73.3 1 37 44 37 58 0 37 51.0 1.11

”1 76.0 29-990 72.4 72.9 21 22 40 22 55 2 22 47.5 .59

l7 f 70.0 29-988 71.0 71-7 1 32 32 32 44 13 32 38.0 1.46
W

\ 1 72.0 30.014 71.3 71.8 21 17 32 17 47 15 17 39.5 •73

/ 72.0 30.014 71.3 71.8 1 20 39.5 20 54 15 20 46.25 1.42

” } 74.0 30.026 71.8 72.5 21 5 39 5 55 17 5 47.0 •75

r 74.0 30.026 72.0 72.7 1 9 4 9 18 17 9 11.0 1.22

” \ 75.5 30.025 72.6 73.1 21 54 6 54 21 18 54 13.5 .64

) -

75-6 30.025 73.0 73.5 1 57 1 57 14 18 57 7.5 1.24

75.6 30.023 72.9 73.4 21 41 59 42 13 20 42 6.0 •70

J 75.6 30.023 73.6 74.1 1 45 54 46 8 20 46 1.0 1.35

”
1 76.0 30.006 73.1 73.7 21 30 47 31 0 22 30 53.5 •72

r 76.0 30.006 74.0 74.6 1 35 49 36 2 22 35 55.5 1.30

” ll 75.0 29.990 73.3 73.8 21 20 43 20 57 0 20 50.0 •70

/ 75.0 29.990 73.6 74.8 1 24 34 24 48 0 24 41.0 1.44

” \ 72.0 29-988 73.0 73.6 21 9 25 9 40 2 9 32.5 •74

Mean..| 75.01 30.005
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Observations computed. The clock making on the 16th, 86636.057, and on

the 17th, 86636.027 sidereal vibrations in a mean solar day.

Number of

Observations.
Mean Temp. Interval.

Vibns in 24 Mean
Solar Hours.

Corr. for

Arc.
Reduc. to

62° Fahk.

Reduced Vibns
in

24 Mean Solar

Hours at 62° F.

1 76.95

h m s

1 44 34.0 86083.707 + 1.890 + 6.294 86091.891
2 73.62 1 44 46.0 86084.762 1.607 4.892 86091.261
3 72.85 1 44 56.5 86085.681 1.146 4.568 86091.395
4 71-45 1 45 1.5 86086.088 1.890 3.978 86091-956
5 71.85 1 45 0.75 86086.022 1.867 4.147 86092.036
6 72-60 1 45 2.5 86086.175 1.370 4.463 86092.008

7 73.20 1 44 58.5 86085.826 1.501 4.715 86092.042
8 73.62 1 44 52.5 86085.301 1.700 4.892 86091.893

9 73.92 1 44 54.5 86085.476 1.589 5.018 86092.083
10 73.75 1 44 51.5 86085.214 + 1.879 + 4.947 86092.040

Mean .

.

73.38 Mean. . .

.

Correction for buoyancy
86091.860

+ 5.876

Number of Vibrations in vacuo, in 24< Mean Solar Hours 86097-736

Rate of the Sidereal Clock.

Jan. 16th.

Stars.

12 Eridani.

17 .

£ Orionis .

p Aurigae .

S Geminor.

/3 Can. Min
Castor . . .

Procyon. .

.

Mean.

Rates.

-oW
.40

.52

.33

•70

.28

.38

.56

- .65

- .499

c3
>
53 jz
cn *-
-Q

O ^
_ CD

r3
CD

c3

CL,

£
o
U

Jan. 17th.

Stars. Rates.

a Persei .

.

— 0^60 1
17 Eridani.

.

.50

19 •• .50 CO

a
S .42 o

y Orionis .

.

.65 a •

S .59 Ui
CD

£ * . . .58
lO r—

t

-O

i •• .74 o-g

j«, Columbse .60 !> ^ jr

j3 Aurigae .

.

.33 £ iO

0 Leporis .

.

.50 -T3

s Can. Maj. .50 £ £
S .48 Q*,

$ Geminor. .57 § °

/3 Can. Min. .38
CJ

Procyon. . .

.

.47

Pollux .... - -58 J

Mean .

.

- .529

Abstract of Captain Ronald’s observations.

London. Mean of 1 10 coincidences . = 86164.62

Cape. . Mean of 270 coincidences . . . = 86097.61

. 160 = 86097.88

. 200 = 86097.74

True Mean of 630 coincidences at the Cape = 86097-73
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Cape of Good Hope : Observer, Mr. Johnson.

1828.
Attached
Therm. Barom.

The

A.

rm.

B.

No. of

Coin.
Disapp. lle-app. Time of Coin. Arc. Remarks.

Dec. o i nches. m S m s h m S

1 5 /
68.5 30.224 67-3 67-7 1 15 48 16 4 15 15 56.0 1.20 The Agate Tlanes were

68.7

68.8

69.5

30.220

30.220

30.215

67-

9

68.3

68-

6

68.2

68.6

68.9

21

1

21

1

22

7

9
22
41

1

22

8

27
38
0

17

17

19

1

22

7

18.0

30.0

50.5

0.67

1.28

0.68

thrown out of level,

and again adjusted

before commencing
these observations.

69-5 30.215 68-8 69.0 1 24 9 24 27 19 24 18.0 1.07

69-5 30.204 68-4 68.7 21 9 31 9 53 21 9 42.0 0.56

f 69-5 30.204 68-7 69-2 1 20 38 20 54 21 20 46.0 1.32

69.0 30.205 68-2 68.7 21 5 53 6 13 23 6 3.0 0.70

16 f 69-0 30.118 67.8 68.3 1 50 26 50 43 15 50 34.5 1.20
High wind from S. E.
during the whole of

this day.

{

„ /

69-5

69.5

30.110

30.092
67-367-7

67-968.3

21

1

35
46

45
45

36

47

3

1

17

17

35

46

54.0

53.0

0.71

1.20

i 69-5 30.076 67-7 68.0 21 32 3 32 21 19 32 12.0 0.72

„ f 69.5 30.076 68-0 ,68.4 1 48 27 48 44 19 48 35.5 1.23

1 70.0 30.048 67-968.3 21 33 44 34 1 21 33 52.5 0.77

” /
70.0 30.048 68-0 68.4 1 44 45 45 2 21 44 53.5 1.21

1 68.5 30.028 67-8 68.2 21 30 1 30 19 23 30 10.0 0.78

17 /
68.5 30.028 67-5 68.0 1 39 34 39 50 14 39 42.0 1.20

1 69.5 30.022 67-8 68.3 21 24 51 25 9 16 25 0.0 0.72

„ / 69-5 30.022 68-2 68.7 1 35 45 36 1 16 35 53.0 1.12

{ 70.5 30.016 68-5 69 .O 21 20 58 21 15 18 21 6.5 0.68

”{ 70.5 30.016 69-0 69.5 1 37 33 37 50 18 37 41.5 1.12

71.5 30.009 69-5 69.8 21 22 41 22 58 20 22 49.5 0.67

” / 1 71.5 30.009 68.5 68.8 1 34 1 34 17 20 34 9-0 1.30

{ 70.0 30.004 69.0 69.5 21 19 8 19 25 22 19 16.5 0.79

Observations computed.

No. of

Observ.

Mean
Temp. Interval.

Uncorrected

Number of

Vibrations.

Clock’s

Rate.

Correc.

for Arc.
Reduc. to

62° Fahr.

Red. Vibns
in 24

Mean Solar Hours
at 62° Fahr.

1 67°78
h m s

1 45 22.0 86088.392 0.39
+

1.394
+

2.432 86091.828

2 68.60 1 45 20.5 86088.275 0.39 1.524 2.779 86092.188
3 68.73 1 45 24.0 86088.568 0.39 1.052 2.833 86092.063
4 68.70 1 45 17.0 86087-960 0.39 1.622 2.821 86092.013
5 67-78 1 45 19-5 86088.198 0.21 1.461 2.433 86091.882
6 67-97 1 45 19.0 86088.137 0.21 1.482 2.513 86091.922

7 68.15 1 45 17.0 86087-960 0.21 1.609 2.589 86091.948

8 68.10 1 45 1 6.5 86087-920 0.21 1.597 2.568 86091.875

9 67-90 1 45 18.0 86088.059 0.21 1.482 2.484 86091.815

10 68.63 1 45 13.5 86087-660 0.21 1.300 2.791 86091.541

11 69.45 1 45 8.0 86087-180 0.21 1.284 3.136 86091.390

12 68.95 1 45 7.5 86087-120 11. 11 1.753 2.925 86091.588

Mean.

.

68.39 Mean ....

Correction for buoyancy
86091.838

+ 5.956

Number of Vibrations in vacuo, in 24 Mean Solar Hours .

.

86097.794
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Rate of the Sidereal Clock.

Dec. 14th. Dec. 15th.

By a Arietis

Aldebaran ....

Capella

Rigel

(3 Tauri

£ Orionis

/3 Aurigae ....

s

— 0.53

0.26

0.50

0.12

0.34

0.60

0.74

By a Ceti

Aldebaran ....

Capella

Rigel

/3 Tauri

$ Orionis

K

S

-0.74
0.28

0.50

0.14

0.44

0.30

0.39

Mean Rate.

.

-0.44 Mean Rate.

.

-0.39

Mean Rate on the 18th by Mr. Fallows’s Observations 0.03

Remark.—On the 16th and 17th the weather was unfavourable for observa-

tion
; the quantity assumed for the rate of the clock on those days is a mean

of its rate on the 15th and 18th : probably on the 17th the rate was less than

that which has been assigned.

Observations with the pendulum (Continued).

1829- Attached
Therm. Barom.

Therm. No. of
Coin. Disapp. Re-app. Time of Coin. Arc. Remarks.

A. E.

inches. O m s m s h in s

20. i
68.5 29-972 68.6 69.0 1 9 46 9 55 17 9 50.5 1.67

1 The Pendulum was
73.7 30.017 73.0 73.6 21 54 19 34 35 18 54 27.0 1.12 V not stopped be-

J 73.7 30.017 72.8 73.4 1 59 34 59 49 18 59 41.5 1.12
(

tween these Ob-
”

l 71.7 30.010 71.7 72.0 21 44 22 44 37 20 44 29.5 0.83 J servations.

„ / 71-7 30.010 71.8 72.0 1 1 55 2 5 21 2 0.0 1.60
1 The Pendulum was

”
l 73.5 30.003 73.0 73.5 21 46 18 46 33 22 46 25.5 1.31 l not stopped be-

/ 73.5 30.003 73.2 73.7 1 51 31 51 45 22 51 38.0 1.31
f

tween these Ob-
”

1 74.5 30.003 73.5 74.0 21 36 6 36 22 24 36 14.0 0.90 j
servations.

21. / 67.0 30.137 68.8 69.0 1 14 28 14 37 15 14 32.5 1.68
J

The Pendulum was
l 70.0 30.145 69-4 69.9 21 59 25 59 41 16 59 30.0 0.91 f not stopped be-

J 70.0 30.145 69.4 69.9 1 4 41 4 57 17 4 49.0 0.90 f tween these Ob-

” 1 72.0 30.145 70.0 70.4 21 50 1 50 17 18 50 9-0 0.50 j
servations.

„ / 72.0 30.145 70.6 71.0 1 7 6 7 17 19 7 11.5 1.60
"j The Pendulum was

73.0 30.137 70.2 70.6 21 52 3 52 17 20 52 10.0 0.87 v not stopped he-

J 73.0 30.137 70.5 70.8 1 57 18 57 34 20 57 26.0 0.86 f tween these Oh-
”

l 72.0 30.116 70.3 70.6 21. 43 34 43 49 22 43 41.5 0.48 j
servations.

J 72.0 1 30.116 70.7 71.3 1 59 40 59 49 22 59 44.5 1.70
” l 71.0 30.114 69.9 70.2 22 49 51 50 9 0 50 0.0 0.87
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Observations computed.

No. of

Observ.

Mean
Temp.

Interval.
Uncorrected No.
of Vibrations.

Clock’s

Rate.

Correc. for

Arc.

Reduc. to

62° Fahk.

Reduced No. of

Vib" s in 24 Mean
Solar Hours at

62° Fahr.

1 71°.05

h m s

1 44 36.5 86084.431 + 0.54 + 3.148 + 3.810 86091.929
o 72.50 1 44 48.0 86085.440 + 0.54 1.547 4.421 86091-948

3 72.57 1 44 25.5 86083.460 + 0.54 3.458 4.454 86091.912

4 73.60 1 44 36.0 86084.392 + 0.54 1.978 4.883 86091.793

5 69-27 1 45 0.5 86086.529 -0.410 2.666 3.061 86091.846

6 69.93 1 45 20.0 86088.216 -0.410 0.781 3.338 86091-924

7 70.60 1 44 58.5 86086.373 — 0.410 2.425 3.620 86092.008

8 70.55 1 45 15.5 86087.823 — 0.410 0.716 3.600 86091.729

9 70.52 1 50 15.5 86086.529 — 0.410 + 2.609 + 3.587 86092.315

Correction for buoyancy
Mean. . .

.

86091.934

+ 5.944

Number of Vibrations in vacuo, in 24 Mean Solar Hours .

.

86097-878

Rate of the Sidereal Clock.

Jan. 20th. Jan. 21st.

By 0 Tauri
S

+ 0.44 By /3 Tauri
S

-0.44
$ Orionis 0.47 S Orionis 0.40
? 0.50 y 0 34s

0.82 0.48

Procyon 0.64

Pollux 0.88 Mean Rate.

.

— 0.41

Mean Rate.

.

+ 0.54

Remark.—From the above result, it appears that the rate varied nearly a

second in the space of 24 hours : there is reason to suppose that the change

was owing to some sudden derangement which the clock might have suf-

fered on the night of the 20th. From the tolerable accordance with each other

of the pendulum observations of the 21st, it may be presumed that the rate

was equable during that day.

Abstract of Mr. Johnson’s observations.

Mean of 240 coincidences = 86097-702

Mean of 180 coincidences = 86097-878

True mean of 420 coincidences . = 86097-829
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General Remark.—During both series of experiments, the observatory was

kept in the same state, the North shutter being open during the day, and the

door of the recess, in which the clock and pendulum stood, constantly closed,

with the exception of the two small openings made in it for the purpose of

showing the dial plate, and the graduated arc of the pendulum. During the

second series, the weather was particularly favourable, both for observations of

the transit instrument and pendulum.

Cape of Good Hope ;
Observer Mr. Fallows.

First Series.

Attached
Therm. Time of Coin.

1829. Barom. No. of Disapp. Re-app. by the Siderea Arc. Remarks.Therm.
A. B. Coin. Clock.

Dec. r

2
i

6°6.5

inches.

30.205 68.2 69-1 1

m s

50 41

m s

50 56\

h m s

16 50 48f 1.38 This day very favourable for

67.0 30.205 68.0 68.9 31 28 31 28 51 19 28 41 0.51 observation
; little wind

—

4 67.1

67.5

30.205

30.207

68.0

67.1

68.9

68.0

1

31

33 50
11 44

34 4§
12 1

19 33 57|
22 11 52|

1.48

0.61

the Observatory chase shut,

exceptwhenobserving. The
Thermometers read off be-

si 66.0 30.205 67.1 68.0 1 38 1 38 16 14 38 8! 1.38 fore the North chase was
3

1 68.5 30.205 69-6 70.5 31 15 56 16 13 17 16 4! 0.57 opened.

/ 6 8.7 30.205 70.1 71.2 1 42 43| 42 59 17 42 51!; 1.20 The weather fine during the

* t 68.5 30.175 70.2 71.2 31 20 24 20 44| 20 20 34± 0.50 whole of the day.

i
68.6 30.174 70.2 71.3 1 30 6 30 22 20 30 14 1.22

” i 68.0 30.151 68.0 69.0 31 7 57 8 15 23 8 6 0.49

4 j
65.0 30.102 64.2 65.0 1 3 18 3 32 12 3 25 1.38

4
l 67.5 30.139 66.9 67-6 31 41 31 41 49 14 41 40 0.57

67.6 30.140 66.9 67-6 1 47 24 47 40 14 47 32 1.20
” l 68.5 30.165 69.1 70.0 31 25 26| 25 41| 17 25 34 0.51 The South-east wind spring-

/ 68.6 30.166 69.1 70.0 1 31 10* 31 26* 17 31 18 1.35 ing up. All the doors clo-

” l 68.5 30.120 68.3 69-1 31 9 0 9 18 20 9 9 0.58
sed. What is called at Cape
Town a South-easter, ought

(
68.5 30.120 6 7.0 67-8 1 19 40 19 54 20 19 47 1.41 to be designated South-by-

” l 68.0 30.108 67.3 68.0 31 57 33 57 52 22 57 42! 0.58 east.

5 i
64.0 30.125 63.0 63.6 1 40 18 40 34 10 40 26 1.42 The weather rainy; wind due

5
1 64.5 30.127 64.0 64.8 31 18 32 18 49 13 18 40! 0.68 North

;
no stars last night,

i
64.5 30.127 64.1 64.8 1 24 13 24 28 13 24 20! 1.29

from clouds.

” 1 66.4 30.127 65.8 66.4 31 2 31 2 46 16 2 38! 0.56

I
66.3 30.127 66.3 67-0 1 13 24 13 32 16 13 28 1.72

”i 68.0 30.200 68.4 69.2 42 49 5| 49 22! 19 49 14 0.50 The sky clearing up.

I
68.0 30.200 68.1 68.9 1 54 25 54 41 19 54 33 1.13

” 1 68.0 30.115 68.0 68.5 31 32 20 32 36 22 32 28 0.49

Mean 67.23 30.1594

MDCCCXXX Z
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First Series computed.

1829.
Mean
Temp.

Interval.
Uncorrected No.
of Vibrations.

Clock’s

Rate.

Correc.for

Arc.

Reduc. to

62° Fahb.

Reduced Vibns

in 24 Mean Solar

Hours.

68.550
h m s

2 37 52£ 86087-78 — 0.52 + 1.354 + 2.758 86091-37

68.000 2 37 55£ 86087-94 0.52 1.682 2.526 86091-63

68.800 2 37 56 86087-98 0.41 1.464 2.863 86091-50

70.540 2 37 43 86087-24 0.41 1.114 3.595 86091.54

69-625 2 37 52 86087-76 0.41 1.121 3.210 86091.68

65.925 2 38 15 86089.08 0.26 1.464 1.652 86091.94

68.400 2 38 2 86088.34 0.26 1.362 2.694 86092.14

69.125 2 37 51 86087-70 0.26 1.442 3.000 86091-88

67-525 2 37 55| 86087-98 0.26 1.564 2.326 86091.61

63.850 2 38 14| 86089-06 0.26 1.730 0.779 86091.31

65.275 2 38 18 86089-26 0.26 1.326 1-379 86091.69

67-725 3 35 46 86088.24 0.26 1-797 2.410 86092.15

68.375 2 37 55 86087-94 -0.26 + 1-017 + 2.684 86091.38

Mean.

.

67-824 Mean ....

Buoyancy
86091-69

+ 5.98

(No. of Coincidences =
_ . n l

\ Number of Vibrations in vacuo, "1

4 JC in 24 Mean Solar Hours.
. j

* ’ 860 97-67

Rate of the Sidereal Clock.

Dec. 2nd. Dec. 3rd. Dec. 4th to Dec. 9th.

By a Arietis

a Ceti

Itigel

/3 Tauri

S Orionis ....

K

/3 Aurigae ....

Mean Rate.

.

s

-0.38
0.52

0.50

0.70

0.50

0.55

-0.46

By a Ceti

Capella

/3 Tauri

0 Orionis

S

/3 Aurigae ....

Mean Rate .

.

s

— 0.24

0.30

0.50

0.58

0.36

-0.50

— 0.41

By a. Ceti

Capella

Rigel

/3 Tauri

S Orionis

/3 Aurigae ....

Sirius

s

— 0.33

0.26

0.22

0.23

0.23

0.27
— 0.28

— 0.52 Mean Rate.

.

-0.26
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Second Series.

1829.
Attached
Therm.

Barom.
Thermometers.

No. of
Coin.

Disapp. Re-app.
Time of Coincid.

by the Sidereal

Clock.

Arc.
A. B.

inches. m s m s h ms
Dec. 18 [

66.1 30.022 6o.2 65.7 1 15 26 15 38 11 15 32 1.78

69.5 30.053 68.1 68.7 53 49 17 49 35 15 49 26 0.39

f
70.0 30.053 71.2 71.7 1 0 9 0 13 16 Oil 1.87

5> 72.0 30.016 72.2 72.4 59 4 21 4 37 21 4 29 0.40

r
72.1 30.015 72.2 72.4 1 25 47 26 4 21 25 55| 1.12

55 71.0 30.024 71.0 71.5 16 44 30 44 47 22 44 38A 0.76

jr
71.0 30.025 71.0 71.4 1 55 5 55 22 22 55 13| 0.89

”
1

71.5 30.054 70.1 70.5 18 24 26 24 42 0 24 34 0.55

IQ J
r 67.5 30.165 68.0 68.3 1 56 39 56 47 12 56 43 1.72

19
1

72.0 30.185 71.5 72.0 58 16 5 16 18 17 56 11| 0.37

J
r 72.0 30.185 71.6 72.2 1 1 37 1 45 18 1 41 1.79

”1 72.5 30.102 70.6 71.2 54 39 43 39 57 22 39 50 0.39

J
r 72.5 30.101 71.2 71.7 1 44 54 45 11 22 45 0.92

”1 71.0 30.086 69.8 70.2 20 24 48 25 7 0 24 57! 0.58

r 67.5 30.023 67.2 67.8 1 19 24 19 31 11 19 27| 1.77
ZVj <

72.0 29.995 73.8 74.2 63 44 56 45 7 16 45 l! 0.34

J
72.5 29.994 74.9 74.9 1 51 39 51 47 16 51 43 1.74

”1 75.0 29.909 76.8 77.1 52 18 26 18 44 21 18 35 0.44

75.0 29.908 77.0 77-0 1 30 29 30 46 21 30 37! 1.31

”1 74.5 29.901 74.8 75.3 36 33 38 33 55 0 33 46! 0.50

Mean.

.

71.360 30.036

Second Series computed.

1829.
Mean
Temp. Interval.

Uncorrected No.
of Vibrations.

Clock’s

Rate.

Correc. for

Arc.

Reduc. to

62° Fahr.
|

Reduced Vibns

in 24 Mean Solai

Hours.

66.92

5

h m s

4 33 54 86088.34 -0.03 + 1.628 + 2.073 86092.04
71.875 5 4 18 86086.14 0.03 1.757 4.157 86092.02
71.775 1 18 43 86086.28 0.03 1.427 4.115 86091.79
70.600 1 29 20! 86087-04 0.03 0.849 3.621 86091.48

69.950 4 59 28! 86086.90 0.17 1.505 3.347 86091.54
71.400 4 38 9 86086.30 0.17 1.641 3.957 86091.73
70.725 1 39 55 86087-40 0.17 0.906 3.673 86091.81

70.750 5 25 34 86086.59 0.08 1.499 3.684 86091.69
75.925 4 26 52 86084.68 0.08 1.689 5.862 86092.15
76.025 3 3 9 86084.68 -0.08 + 1.248 + 5.905 86091.75

Mean .

.

71.595 Mean. . .

.

Buoyancy
86091.76

+ 5.90

Number of Vibrations in vacuoof Coin r idpn pps — 41<U
L umuero1 viDrauonsmva

^i> 0 . or uoinciaences — 4Uj
in 24 Mean So iar Hours

io,

j
86097.66

z 2
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Rate of the Sidereal Clock.

Dec. 1 8th. Dec. 19 th. Dec. 20th.

By p Auriga: ....

Sirius

Procyon
Pollux

IVIean Rate.

.

s

-0.04
-0.15

+ 0.05

0.00

-0.03

By a Ceti

Aldebaran ....

jS Tauri

S Orionis

K

Mean Rate.

.

S

-0.28
0.00

0.00

0.12

-0.46

-0.17

By a Ceti

Aldebaran ....
Rigel

0 Tauri ....

S Orionis

K

Mean Rate.

.

S

+ 0.03

-0.02
0.22

0.04

0.07

-0.20

-0.08

Third Series.

1829.
Attached
Therm.

Barom.
Therm.

No. of

Coin.
Disapp. Re- app.

Time of Coin,

by the Sidereal

Clock.

Arc. Remarks.
A. B.

Dec. r

inches. 0 m S m s h m S

72.0 30.094 71.9 72.2 1 26 48 27 4 22 26 56 1.29 Closed the c lock door
; the face open.

23
|

71.0 30.070 70.0 70.3 28 48 33 48 52 0 48 42± 0.58

0 , f 66.0 30.095 65.0 65.5 1 45 0 45 5 11 45 H 1.84 The light on the right not good, so opened the

24
( 70.0 30.094 69.1 69.6 62 5 59 6 10 17 6 H 0.34 clock door. Door shut while swinging.

/ 71.1 39.094 71-9 72.4 1 10 37 10 52 17 10 444 1.31 Clock door still left open.

” l 74.0 30.072 74.3 75.0 24 10 14 10 33 19 10 23± 0.68

f 74.0 30.072 76.0 76.6 1 16 1 16 17 19 16 9 0.92 There may be a slight mistake in the first arc

” 1 74.0 30.055 75.0 75.7 31 53 20 53 32 21 53 26 0.40 0.92 ;
the pencil mark on the slate being dim.

/
74.0 30.054 75.4 76.0 1 59 12 59 26 21 59 19 1.38 Clock door not quite closed.

” 1 73.0 30.080 72.9 73.1 33 46 48 49 4 0 46 56 0.50

orf 74.0 30.196 73.1 73.7 1 46 45 46 57 19 46 51 1.64
25

| 73.0 30.185 73.0 73.5 59 49 52 50 14 0 50 3 0.48

72.0 30.010 71.5 72.0 1 23 25 23 38 12 23 31

2

1.60 Clock door shut.

2b <
77-0 30.060 76.2 76.9 65 58 42 58 59 17 58 50i 0.28

r 79-0 30.061 79-9 79-9 1 9 1 9 19 18 9 10 0.98 Lower shutter of the clock open.

” 1 82.0 30.020 81.6 81.9 21 53 29 53 45 19 53 37 0.58

/ 82.0 30.019 82.0 82.0 1 0 50 1 6 20 0 58 1.16

” l 81.0 30.003 80.4 80.6n 32 42 30 42 46 22 42 38 0.52

81.0 30.002 80.2 80.4 1 53 4 53 22 22 53 13 1.12

79-0 29.970 78.8 79-3 25 58 15 58 33 0 58 24 0.66

0-

/

74.0 29.942 74.0 74.0 1 40 47 40 55 12 40 51 1.83 Lower shutter of the clock open during this

2,
| 79-0 29.965 79-8 80.1 65 15 26 15 36 18 15 31 0.28 day.

r 80.0 29.975 80.0 80.1 1 21 4 21 22 18 21 13 1.28 The weather very favourable.

”1 80.0 29-976 80.6 80.8 28 41 54 42 12 20 42 3 0.58

/ 81.0 29.976 81.0 81.3 1 47 44 48 0 20 47 52 1.34

80.0 29-930 80.0 801 29 13 43 14 1 23 13 52 0.60

/
80.0 29-928 80.0 80.2 1 23 52 24 10 23 24 1 1.13

n 78.0 29.962 78.0 78.5 19 57 46 58 8 0 57 54 0.68

Mean 76.107 30.034
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Third Series computed.

1829.
Mean
Temp.

Interval.
Uncorrected No.
of Vibrations.

Clock’s

Rate.

Correc. for

Arc.

Reduc. to
62° Fahr.

Reduced Vibns

in 24 Mean Solar

Hours.

7L100
h m s

2 21 46 86086.56 -0.01 + 1.361 + 3.831 86091.74

67.300 5 21 2 86087-82 + 0.14 1.587 2.231 86091.78

73.400 1 59 39 86085.38 + 0.14 1.567 4.799 86091.89

75.825 2 37 17 86085.72 + 0.14 0.675 5.820 86092.35
74.350 2 47 37 86085.22 + 0.14 1.336 5.199 86091.89

73.325 5 3 12 86085.12 + 0.14 1.640 4.768 86091.67

74.150 5 35 20 86085.36 — 0.02 1.167 5.115 86091.62

80.825 1 44 27 86083.60 — 0.02 0.974 7.925 86092.45

81.250 2 41 40 86082.82 -0.02 1.098 8.104 86092.00

79-675 2 5 11 86082.88 — 0.02 1.241 7.441 86091.54

76.975 5 34 40 86084.30 — 0.02 1.428 6.304 86092.01

80.375 2 20 50 86082.92 — 0.02 1.348 7-736 86091-98
80.600 2 26 0 86082.72 -0.02 1.464 7-831 86091.99

79-175 1 33 53 86082.86 -0.02 + 1.302 + 7.231 86091.37

Mean.

.

76.301

Buoyancy
Mean .... 86091.85

+ 5.85

(No. of Coincidences =
_ Number of Vibrations in vacuo, 1— J k ) jn 04, Mean Solar Hours .

. J
" 86097-70

Rate of the Sidereal Clock.

Dec 23rd. Dec. 24th. Dec. 25th, 26th, & 27th.

By a Ceti

Aldebaran ....

Rigel

/3 Tauri

S Orionis

i •••• •

Mean Rate .

.

s

-0.02
-0.01
-0.05
— 0.01

+ 0.01

-0.08

By a Ceti •

Aldebaran ....

Rigel

/3 Tauri

$ Orionis

i

Mean Rate.

.

s

+ 0.02
|

0.26

0.17
j

0.02
1

0.00

+ 0.35

By Rigel

/S Tauri

0 Orionis

?

Mean Rate.

.

+ 0.09

+ 0.01

-0.10
-0.08

-0.02

-0.01 + 0.14

Fourth Series.

1830.
Attached
Therm.

Barom.
Therm.

No. of
Disapp. Re-app.

Time of Coin,

by the Siderea

Clock.

Arc. Remarks.
A. B.

Coin.

inches. m S m s h m S

Jan. 22
j

67-5 30.088 67.8 68.2 1 16 11 16 29 16 16 20 1.40 Shut the clock door,

68.0 30.085 67.2 67.4 11 8 47 9 5 17 8 56 1.03 and kept the North-

68.0 30.085 67.8 68.1 1 14 4 14 20 17 14 12 1.01
chase open.

69.0 30.085 68.2 68.6 11 6 47 7 3 18 6 55 0.76

J
69.0 30.085 69.2 69.7 1 12 4 12 20 18 12 12 0.72

”1 70.0 30.087 69.8 70.2 11 4 48 5 4 19 4 56 0.52

J 72.0 30.087 72.0 72.3 1 18 301 18 361 19 18 331 1.91

”
l 72.0 30.084 71.5 71-7 11 10 47 11 2 20 10 544 1.36

/ 72.0 30.084 72.6 73.2 1 16 1 16 17 20 16 9 1.34 Closed the clock door,

”1 72.0 30.062 71.2 71.5 11 8 31 8 47 21 8 39 0.97 the Northern chase

/ 72.0 30.062 71.7 71-9 1 13 45± 14 2f 21 13 54 0.93 still open.

”1 72.0 30.055 70.5 70.8 11 6 20 6 36 22 6 28 0.71

f 72.5 30.037 71.2 71.5 1 10 21 10 37 23 10 29 1.47

”1 72.5 30.035 70.2 70.4 12 8 H 8 181 0 8 10 1.06

/
72.5 30.035 71.2 71.5 1 13 17 13 33 0 13 25 1.02

”t 72.5 30.043 70.0 70.3 11 5 511 6 81 1 6 0 0.78

Mean.

.

70.844 30.063
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Fourth Series computed.

1830. Mean
Temp.

Interval.
Uneorrected No.
of Vibrations.

Clock’s

Rate.

Correc. for

Arc.

Reduc. to

62° Fahr.

Reduced Vib os

in 24 Mean Solar

Hours.

6°7.6o0

h

0

m
52

S

36 86087.52 -0.93 + 2.481 + 2.379 86091-45

68.175 0 52 43 86088.76 0.93 1.275 2.600 86091.70

69-725 0 52 44 86088.90 0.93 0.624 3.252 86091.85

71.875 0 52 21 86084.94 0.93 4.340 4.157 86092.51

72.125 0 52 30 86086.48 0.93 2.168 4.263 86091.98

71.225 0 52 34 86087.18 0.93 1.095 3.984 86091.33

70.825 0 57 41 86085.86 0.93 2.600 3.715 86091.24

70.750 0 52 35 86087.34 -0.93 + 2.053 + 3.684 86092.15

Mean.

.

70.294 Mean ....

Buoyancy
86091.78

+ 5.91

(No. of Coincidences
s Number of Vibrations in vacuo,!

in 24 Mean Solar Hours... /
86097.69

Rate of the Sidereal Clock.

Jan. 22nd.

By Castor -0.90
0.96

0.82

0.90

0.80

1.02

-1.08

e Geminor
Sirius

S Geminor
Castor

Procyon
Pollux

Mean Rate .

.

-0.93

Abstract of Mr. Fallows’s observations.

Mean of 401

Mean of 419

Mean of 507

Mean of 81

coincidences

coincidences

coincidences

coincidences

. = 86097.6/

.
— 86097.66

. = 86097-70

. = 86097-69

True Mean of 1408 coincidences . = 86097.68
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Note by Captain Sabine.

The observations which Mr. Fallows has communicated to the Society in

this memoir, having been corrected for buoyancy and expansion, before the

volume of the Phil. Trans, had reached the Cape, in which the true value of

those corrections is assigned from experiments with a pendulum of the same

materials and figure as that employed by Mr. Fallows, I have re-computed

his results with the correct elements of reduction, and find the retardation of

the vibrations at the Cape, compared with those in London, to be 67-15 per

diem, instead of 67.12, the difference between Mr. Fallows’s calculation and

mine amounting only to three hundredths of a vibration per diem.

The small amount of the difference, on the employment of the more

correct elements of reduction, is an illustration of the remark, with which

I concluded the paper on the reduction to a vacuum of an invariable pendu-

lum (Phil. Trans. 1829, page 236.) ; that in relative experiment^, computed be-

fore the true reduction to a vacuum was known, and in which a correction for

expansion was employed, derived directly from the vibration of the pendulum

at the same spot in different temperatures, (as is the case in Mr. Fallows’s cal-

culation,) a compensation takes place of the errors of the respective reductions

for expansion and resistance, leaving the only uncompensated error in the final

result, that arising from barometric differences, which in all cases of compa-

rison between stations not far removed from the level of the sea, cannot be

otherwise than extremely small.

In Mr. Fallows’s calculation he has taken the rate in London of the invari-

able pendulum which Captain Ronald took out to the Cape, solely from my
observations with it : if, however, Captain Ronald’s observations with the same

pendulum in London be added to mine, and a true mean be taken correspond-

ing to the number of observations of each observer, the retardation is precisely

that stated by Mr. Fallows ; namely, 67.12 vibrations per diem.
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XII .—Statement of the principal circumstances respecting the united Siamese

Twins now exhibiting in London. By George Buckley Bolton, Esq.,

Member of the Royal College of Surgeons, and of the Medical and Chirurgical

Society of London. Communicated by the President.

Read April 1, 1830.

THE youths who are the subject of the following memoir, were born in May
1811 in the kingdom of Siam, at Maklong, a small village sixty miles distant

from the capital, Bankok. They are the offspring of Chinese parents, and

have been named, the one Chang, and the other Eng. Bankok is situated on

the river Minam, forty miles from its mouth, between the Burmese and Chinese

empires, in latitude 13° north, and longitude 101° east. Siam is tributary to

the latter empire.

The king of Siam soon heard of the birth of Chang and Eng, and at first

designed to have them put to death, conceiving them to be monsters, and

imagining that the existence of such beings portended some evil to his kingdom.

But afterwards hearing that they were harmless, and would probably be able

to support themselves by labour, he allowed them to remain unmolested.

Mr. Robert Hunter, a British merchant resident at Siam six years ago, saw

the twins for the first time in a fishing-boat on the river Minam. They were

naked from the hips upwards, were very thin in their persons, and it being

then dusk, he mistook them for some strange animal. Shortly afterwards he

endeavoured to prevail on the Siamese government to allow them to visit

England, but could not at that time succeed. However, in March 1829,

Captain Coffin and Mr. Hunter conjointly obtained this permission for a

certain period, having gained the ready acquiescence of their mother, on the

condition of a provision being made for her during the absence of her sons.

The mother is stated by Captain Coffin to be about five feet seven inches in

height, well formed, with large hips, and, for her country, a strong woman,

2 AMDCCCXXX.



178 MR. BOLTON ON THE UNITED SIAMESE TWINS.

though of lax fibre. She was thirty-five years of age when her twins were

born, and had previously given birth to several other children, none of whom

had any malformation. She declared to Captain Coffin that she suffered less

during her pregnancy with these than on any similar occasion, and also that

her labour was not attended with the least difficulty. She further stated that

the twins were born with the head of one between the legs of the other, and

were rather small infants. All her other children, except these and two others,

a brother and sister, are dead.

The united twins left Siam in the beginning of April 1829, with Captain

Coffin and Mr. Hunter, on board the American ship Sachem, and arrived at

Boston in the United States in the following August, where they remained

eight weeks, during which period they excited the greatest interest among

scientific and professional men.

They embarked at New York for England in the October following, and

arrived in London on the evening of the 19th of November 1829. On the 24th

of November an invitation was given to the most distinguished persons of

the medical faculty in London, to view them at the Egyptian Hall, Piccadilly,

and on the 26th of November I was desired to become their sole medical

attendant.

These youths are both of the same height, namely, five feet two inches ; and

their united weight is one hundred and eighty pounds. They are much

shorter, and appear less advanced in puberty, than youths of this country at

the age of eighteen years ; but the average stature of their countrymen is less

than that of Europeans. Many of our ordinary twins bear a stronger resem-

blance to each other in countenance than is observed in these youths. Their

bodies and limbs are well formed, but the spine of Chang, who habitually

holds his arm over the shoulder of Eng, is considerably curved laterally, an

effect which is apparently the result of this long continued habit. They have

not the broad and flat forehead so characteristic of the Chinese race, but re-

semble the lower class of the people of Canton in the colour of their skins,

and in the forms of their noses, lips, eyes, and ears. The left eye of Chang is

weaker than the right ; but this is reversed in the case of Eng, so that each

sees Lest with the eye nearest his brother. Their bodies are much paler now

than they were on their first arrival in England. Their genital organs are,
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like all their other external parts, regularly formed ; but the youths are natu-

rally modest, and evince a strong repugnance to any close investigation on this

subject.

The band of union is formed in the following manner.—At the lowest part of

the sternum of each boy, the ensiform cartilage is bent upwards and forwards,

meeting the other in the middle of the upper part of the band, where moveable

joints exist, which admit of vertical as well as lateral motion ; each junction

appearing to be connected by ligamentous structures. It is difficult to define

precisely where the respective cartilages from each body meet, and whether a

slip from one of the cartilages of the false ribs enters into the structure of these

parts ; but it is certain that the ensiform cartilages have assumed an extended

and altered figure. This cartilaginous portion occupies the upper region of

the band. The outline of the band is convex above, and arched below. Under

the cartilage, while they stand in their ordinary posture, are large hernial sacs

opening into each abdomen, and into which, on coughing, congenital hernise

are forced
;
probably, in each boy formed by a portion of the transverse arch

of the colon
:

generally, however, and under ordinary circumstances, these

hernise are not apparent. Whether there is a communication between the two

abdominal cavities, or a distinct peritoneal sac belonging to each hernia, is by

no means obvious ; and this is a point of vital importance, if ever, by their

mutual desire, a surgical separation should be contemplated. If, however,

any such operation hereafter be strongly requested by both the youths, when

arrived at years of discretion, and after they have been fully apprised of its

danger, it will be essential that some preliminary steps be taken to provide

against the exposure of either or both of the abdominal cavities.

When these hernise protrude, their respective contents are pushed forwards

as far as the middle of the band. The entire band is covered with common

integument ; and when the boys face each other, its length at the upper edge

is one inch and three quarters, and at the lower, not quite three inches. From

above downwards, it is three inches and a quarter, and its greatest thickness is

one inch and five-eighths. In the centre of the lower part of this band, which

presents a thin edge, formed only by skin and cellular substance, there is the

cicatrix of a single navel, showing where the umbilical cords or cord had

2 a 2
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entered, and which I have no doubt contained two sets of vessels*. Small

blood-vessels and nerves must of course traverse the substance of the band,

but no pulsation can be detected in it.

Captain Coffin and Mr. Hunter were informed by the mother of the twins,

that soon after their birth, and during the period of infancy, this band was

much larger in proportion to the size of their bodies than it is at the present

time : it had then no hard cartilaginous feel at its upper margin ; it was also

larger in circumference, and the bodies of the twins were nearer in contact

;

but from continued stretching it has become elongated, and its circumference

has diminished. In their own country they were employed to row a boat,

for which purpose both stood at the stern, each using a one-handed oar, an

exercise which must have assisted greatly in stretching the band. It is now

remarkably strong, and possesses little sensibility
; for they have been formerly

pulled by a rope fastened to it, without complaining of pain, or expressing any

uneasiness. In the month of February last one of them fell out of bed while

asleep, and hung by the band for some time, and when both awoke, they alike

stated, that they experienced no pain in the band from this accident. Mr. Hale,

their constant attendant, has lifted one of them from the ground, allowing the

other to hang by the band with his feet raised from the floor
;
yet the whole

weight of one of the boys thus suspended did not occasion pain to either, or

even excite their displeasure. The circumstance of the small degree of sensi-

bility possessed by the band, tends to corroborate the opinion I entertain of

the possibility of effecting a separation of the twins by a surgical operation.

* It has been asserted, that “these twins are the produce of a single ovum, and grew upon one

placenta, by one umbilical cord but of this there does not appear to be any evidence. By permis-

sion of the Board of Curators, I have had an opportunity of examining a preparation of united female

twins, now in the museum of the Royal College of Surgeons in London. The union extends from the

lower part of the sternum of each twin to the navel
; and there is one umbilical cord common to both.

On dissection, the following appearances were observed.—The umbilical vein in its course towards the

twins, is divided into two nearly equal sized branches, the division taking place at about one inch

and three quarters from the umbilicus
; one branch passing upwards in front to the porta of the

anterior liver, and the other behind to its proper liver. The number of arteries are four, two from

each foetus, and are included in the same theca with the umbilical vein as far as the body, retaining

the appearance of an ordinary funis.
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To the ordinary touch there is not any middle line where the sense of feeling

common to both the boys terminates ; but it is difficult to ascertain the pre-

cise point where the inosculation of the one individual with the other takes

place : and this is not discoverable by making punctures with a needle, for

each boy shrinks from a puncture whenever it is made in any part of a vertical

line drawn down the middle of the band. It is therefoie obvious, that the

nerves of the common skin covering the band maintain a sensitive communi-

cation with each of the two youths ; and it is reasonable to infer, that a similar

communication subsists between the small arteries and veins, which mutually

nourish the middle portion of the band. If, however, slight punctures be made

at the distance of half an inch from the centre of the band, then the sensation

is only felt by the individual belonging to the side punctured.

From these evidences it may be concluded, that the united twins would be

subject to certain distempers in common, although each possesses a distinct

existence, and even different constitutional peculiarities.

On the suggestion of Doctor Roget, a silver teaspoon was placed on the

tongue of one of the twins, and a disk of zinc on the tongue of his brother :

when the metals thus placed were brought into contact, the youths both cried

out “ Sour, sour.” This experiment was repeated several times with the same

result, and was reversed by exchanging the positions of the metals, when a

similar effect was produced.

These experiments prove that the galvanic influence passes from one indivi-

dual to the other, through the band which connects their bodies, and thus

establishes a galvanic circuit with the metals when these are brought into

contact.

They habitually face in one direction, and place themselves side by side, Eng

to the right and Chang on the left, but are able to turn and remain in the oppo-

site position. They always walk in the posture first described, although there is

no other reason for this than established habit, as they are physically able to

move in a reverse direction. Their united strength is great, for they can with

perfect ease throw down a powerful man. At Philadelphia they also carried

without inconvenience a person weighing rather more than twenty stone for

a considerable distance. Their activity is remarkable ; they run with great

swiftness, and elude pursuit so admirably, that in sportive exercises they can
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with great, difficulty be caught by a single person. They have each the power

to bend their bodies in all directions, and turn their heels over their shoulders.

They also often playfully tumble head over heels while on their bed, without

occasioning the slightest pain or inconvenience in the band. The same degree

of personal dexterity is evinced by each youth when playing at battledore

and shuttlecock ; and in all the bodily actions common to both, such as

running and jumping, a remarkable consent or agreement is displayed with-

out any apparent conference. These concurrences appear to be the necessary

result of long continued and extraordinary intimacy.

In their respective physical constitutions, however, several differences occur.

The boy on the left, Chang, possesses the more vigorous bodily health of the

two ; but their intellectual abilities appear equal, for they are alike proficients

in the games of chess and draughts, although they object to compete with each

other. In the game of whist, however, they rather prefer not to be partners.

The tongue of Eng is at all times whiter than that of Chang, and his

digestion is more easily deranged by unsuitable diet. I have never heard that

Chang has passed a single day without alimentary discharges, but the con-

trary lias often occurred to Eng. In general they both obey the calls of nature

at the same time, and this happens even when these result from the operation

of medicines.

It having occurred to me, that the odour given by asparagus to the urine

would be a test of the extent of the circulation of the blood through both the

twins, on the 22nd of March I gave that vegetable to Chang with his dinner,

not allowing any to be given to his brother. On examining their urine four

hours after this meal, that of Chang had distinctly the peculiar asparagus

smell, but the urine of his brother was not influenced by it. The next day this

experiment was reversed, and therefore with reversed results. These trials

sufficiently prove a fact which was otherwise apparent,—that the sanguineous

communication between the united twins is very limited.

On the 9th of December they wrere both attacked with bronchial catarrhs,

became pale and languid, coughed severely, and complained of pain in

their throats ; each of them had also slight pains during strong inspirations.

Their skins were dry and cold, respirations hurried, pulses ninety beats in a

minute, rather hard and small ; the tongue of Eng was glazed and pallid as
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usual, Chang’s became furred and dry. The bowels of both had been natu-

rally relieved the day previous, and each was directed to take such medicines

as experience had shown to be proper in the malady now common to both.

Under this discipline and suitable diet, together with the additional clothing

of leather waistcoats, and a leather coverlet for their bed, then considered to

be required on account of the inclement winter, they both regained their ordi-

nary state of health.

These incidents are recorded merely to show that they have been treated as

two distinct persons, although from the very unustial circumstance of their

conjunction, the same causes of disorder are presented to both, and similar

consequences have thence ensued.

They have had the measles, and at eight years of age the confluent small-

pox, distinct marks of the latter disease being still visible on their faces.

When they were attacked with variola, a brother and two sisters had also that

malady so severely as to occasion their deaths. While lying on their backs in

bed, during their late illness, I counted the pulse of Eng in this position ; it

was sixty-three, soft and regular. I then went round the bed to examine

Chang, but in the mean time both had had occasion to move, and returned

immediately to their former position. Although these movements were effected

quietly, and did not occupy half a minute, producing no coughing, yet on

counting Chang’s pulse, it was eighty, and soft. I then again counted Eng’s,

which was also eighty, soft and regular. After a lapse of ten minutes, both

having remained perfectly still, on counting their pulses I found them at

seventy-two.

I have submitted these occurrences in order to show the reciprocity of their

symptoms under similar conditions of disorder.

In a healthy state, their ordinary pulses are generally alike, but Chang’s is the

strongest ; they are both easily excited, and when in one the pulse has been,

from this cause, raised to ninety, that of the more passive brother has remained

at seventy-two. They always take their meals together, objecting to be seen

while thus engaged. Neither will eat or drink what the other dislikes, though

they occasionally take different sorts of food at the same time, such as meat or

fish. When the appetite of the one is satiated, the other is also satisfied. In their

habits they are very cleanly and delicate, and mutually assist each other in
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dressing. They are exceedingly affectionate and docile, and grateful for

every kindness shown them. It is not often that they converse with each

other, although their dispositions and tempers agree, and their tastes and

opinions are similar. Sometimes they engage in distinct conversations with

different persons at the same time, upon totally dissimilar subjects. Both

are very fond of music, and are equally interested in dramatic performances.

It does not appear that they have ever had any serious quarrel, except on

one occasion, which occurred, as their mother reported, when they were eight

years of age. While on their passage to America, one of them wished to

bathe, as was their custom, to which the other objected, the day being cold ; a

slight dissension ensued, but Captain Coffin soon reconciled the difference.

They always fall asleep at the same moment, and it is impossible to wake

one without also arousing the other. When they were at Boston, Doctor Skey,

Surgeon General to the British Army, entered their bed-room at midnight on

three successive nights when both were asleep : on each occasion he touched

one and was answered by the other, both awaking at the same instant, inqui-

ring why they were disturbed.

The experiment has also been repeated in this country, and with the same

result. On my tickling one of them, the other told me to desist, though he

stated that he did not feel the touch, and it was quite clear that he could not

see me tickle his brother.

On their voyage to England one of them had the tooth-ache, during three

days and nights, and suffered great pain, with loss of sleep, which last evil

was shared by his brother, both remaining awake. On the 16th of December

Mr. Hale went into their bed-room when they were asleep. Eng was restless,

and tossing about in bed, while Chang was screaming. He awoke them, and

on inquiring what ailed them, Eng replied that he was dreaming about his

mother, and Chang said that a man was cutting off the long hair from his

head. These different dreams appear to have occurred simultaneously.

The preceding instances of their mutual consent in many physical and

moral particulars, may be accounted for by their constant moral and physical

intimacy, which unquestionably is the source of more impressions common to

both, than ever happen to two distinct individuals. They are at present very

much attached to each other, but judging from what is now become a very
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common subject of discourse between them, it is not an unreasonable conjec-

ture, that some female attachment, at a future period, may occur to destroy

their harmony, and induce a mutual and paramount wish to be separated.

They are remarkably quick in intellect, and possess great imitative powers.

They also observe very minutely whatever is presented to them, and comment

upon the subject to their friends. On the 29th of November, a gentleman

visited them with me, and recommended Captain Coffin to have them taught

their letters, and to write. By way of experiment he marked with a pencil, on

a card, a large A
; he then pronounced the letter, which sound the boys exactly

imitated. He afterwards formed a B and a C ; but while doing this, Chang

interrupted him, wishing to obtain the pencil ; and both not only repeated the

sounds of the three letters, but imitated their forms, Chang even making a

pun on the letter C ; for on being asked if he knew its form and pronuncia-

tion, he replied, laughing, “ Yes, I see you.”

A person who had lost an eye, visiting them at their exhibition -room in

New York, they inquired of their attendant what he had paid for his admis-

sion
;
and on being informed that it was the same as other persons, they

remarked that half of it should be returned, as he had not had the same advan-

tage as the others.

These extraordinary individuals are the most remarkable instances on re-

cord of perfect and distinctly formed human beings united together, who have

attained the age of puberty in a state of sound bodily health : hence an au-

thentic account of their moral and physical habitudes will probably be deemed

valuable*.

On concluding this report, I wish it to be known, that I have neither insti-

tuted, nor permitted to be made, any unjustifiable experiments upon these

youths
;
considering myself bound, by professional responsibility, as well as

by a sense of national justice, to resist all such improper proposals. For these

reasons, and also because I am averse to the administration of mercury, unless

it be imperatively demanded, I have not had an opportunity of knowing

whether the mercurial influence would pervade the one youth, if applied

* There is a case of a double female monster, born at Szony in Hungary, October 26th, 1701, who

died February 23rd, 1723, at Presburg, in the convent of the Nuns of St. Ursula, recorded in the

Philosophical Transactions for 1757, page 311, by Justus Joannes Torkos, M.D. F.R.S.

2 BMDCCCXXX.
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exclusively to the other. As, however, the capillary blood-vessels of each un-

questionably inosculate with those of his companion in the uniting- band, it

must be obvious, that certain constitutional diseases, and many diffusible me-

dicinal substances, would, partially at least, pervade both the united twins,

though only one of them were exposed to their influences.

In addressing these particulars and observations to the Royal Society, I

have intentionally confined myself to a narration of facts, and have abstained

from discussions of a speculative or hypothetical character.

I cannot here deny myself the pleasure of stating the kindness which has at

all times been evinced towards these youths by Captain Coffin, Mr. Hunter,

and Mr. Hale : the unwearied anxiety manifested by these gentlemen for their

welfare and happiness, and the liberal manner in which they have uniformly

afforded the means of investigating so curious an object of philosophical in-

quiry, entitle them equally to the thanks of the philanthropist and the lover of

science.

3 King Street, St. James's Square,

March 29th, 1830.

The Plate exhibits two reduced views of the uniting band ; also a represen-

tation of a section of the fac simile in wax.

Fig. 1 . represents the front view of the ordinary standing attitude of the

youths.

Fig. 2. exhibits the opposite side ;
or what may be termed the ordinary back

view.

Fig. 3. represents a section through the middle of the band in its relaxed or

unst retched state.
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XIII. On some properties in achromatic object-glasses applicable to the improve-

ment of the microscope. By Joseph Jackson Lister, Esq. Communicated by

Dr. Roget, Secretary.

Read January 21, 1830.

The improvement of the achromatic compound miscroscope having been an

occasional object of my leisure for several years past, my attention has in

consequence been attracted to some properties of object-glasses of short

focus and large aperture, which, so far as I am aware, have not been before

noticed, and which, I flatter myself, may be applied to increase its powers

and the ease of its manufacture.

In offering these, accompanied by some other miscellaneous remarks, it may

be explanatory to introduce them by a short notice of the several achromatic

object-glasses for the microscope which have originated apparently indepen-

dent of each other within a few years past.

The first produced in England were the triple ones constructed in 1824 and

] 825 by Tulley, who had been incited to the undertaking by Dr. Goring :

of these an account is already before the public. Tulley has since adopted

for his triple object-glass to be used singly the focal length of 0.9 inch, apply-

ing another of not quite 0.5 inch focus before it when high magnifying power

is required ;
and he obtains with these an image of great sharpness and perfec-

tion. His first glasses have all the merit of a new invention, having been

executed without the knowledge that any thing of the kind previously existed,

though other achromatic glasses had before been made in France by Selligue,

by Fraunhofer at Munich, and by Amici at Modena.

The glasses of Selligue’s microscope, of which a report was made by

M. Fresnel to the Royal Academy of Sciences in 1824, were composed of a

plano-concave lens of flint-glass, and a double convex of crown or plate, with

their inner curves cemented together. Four of these, of from If to If inch

2 b 2
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each in focal length, were made to screw before each other, so as to be used

together or alone in the manner long practised with single lenses.

The chromatic aberration was thus in a considerable degree corrected, but

the glasses were fixed in their cells with the convex side foremost, which is

their worst position
; and the spherical error was in consequence enormous,

showing itself even through the contracted opening, to which it was necessary

on that account to limit them.

Yet, inferior as was the instrument of Selligue, the happy idea of com-

bining achromatic object-glasses, now generally adopted and to which their

present superiority is owing, seems to have occurred to no one else till put in

practice by him ; and the very simple structure of his glasses will be shortly

seen not to be incompatible with the finest microscopic vision.

Chevalier of Paris having manufactured some of these instruments, ap-

pears to have observed the great error in the position of Selligue’s glasses

;

he retained their construction, but turned their plane sides foremost ; and

making them of shorter focal length and more correctly achromatic, produced

in 1825 a microscope far superior to the former. His deepest glasses are not

more than 0.1 inch in focal length, and two of these were united in his earlier

instruments for his highest power ; but this was the only combination retained

in them, and all his glasses were restricted to apertures too small to show

difficult test objects.

lie has since increased the number of his glasses to be used together, and

otherwise improved their performance ; but if I may judge from microscopes

of his which I have recently seen in this country, he does not yet derive from

the construction that he has adopted, all the advantage which it may afford.

I am unacquainted with the date of the first production of Fraunhofer’s

glasses ; they resemble the French in having their flint lens plano-concave,

but they are not cemented, and the inner surfaces are not in contact, each

object-glass being adapted by the curves of its convex lens for being used

alone. My friend Mr. Brown has kindly lent me a series of five glasses of this

description, purchased by him at Munich a few months ago from the establish-

ment of l tzschneider and Fraunhofer, which range from 1.8 to 0.43 inch in

focal length, and are of excellent workmanship : they screw before one another

in the manner of Selligue’s. It appears from an account of the microscope of
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those artists, printed in 1829 , that it is only lately the glasses have been com-

bined together, and that of the shortest focus added to the former series of

four
; and also that they are intended to be used in the order of their focal

lengths, the shorter towards the object. Each of these glasses singly admits

but a small pencil of from 8° to 15 ° of light, and when so used, their defining

power is necessarily not very great
;
but their combinations have much more,

and the different effects of these will be again adverted to.

The eminent professor of Modena, besides inventing his well-known reflect-

ing microscope, was engaged about the year 1815 with achromatic object-

glasses ; but as they did not equal his reflector, he laid the work aside, till he

was induced to resume it in 1824
,
from reading the report already mentioned

on the microscope of Selligue : from this Amici took the thought of com-

bining his object-glasses, and pursued it with great success, making them

double, with the curves of the two lenses of each planned for the place it is to

occupy, and for obtaining a good image either with the back glass alone, or

with a second or a third in front.

He brought with him, when he visited London in 182 /, some glasses of this

description of very fine performance ; and I have been informed by him that

he has since executed a combination of “ 2.7 lines in focal length and 2.7

lines in aperture,” which considerably excels them.

The glasses which have been enumerated possess very different degrees of

merit, chiefly dependent on the extent to which they are divested of chromatic

and spherical aberration, and particularly, in connection with this, on the focal

angle of their aperture ; for it has been well established, that a large pencil

from the object is absolutely essential to that brilliancy and distinctness of

image which characterize a fine achromatic.

When the rays received by the most perfect object-glass from any indefi-

nitely small bright portion of an object in the centre of its field are brought

together at its conjugate focus, the image formed by them, though it appears a

sharply defined point if moderately magnified, is really a spot or small circle,

and will show as such if the microscope is sufficiently overcharged with power

in the eye-glass. These circles bear a considerable analogy to the spurious

disks of stars
;
and like them they will be found to be much enlarged by

diminishing the aperture of the object-glass.

They are enlarged also, without contracting the aperture of the glass, by
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increasing the intensity of the illumination, whereas by darkening the object

beyond a certain point they may be rendered ill defined, and be at length dis-

solved.

These peculiarities are most observable on some opaque objects, (the reflec-

tion from a very small microscopic globule of quicksilver* offers perhaps the

best example,) but the same effects are produced on the light received from

transparent ones ;
and the consequent blunting and mingling together of their

minute details when the object-glass admits but a small pencil of light, gives

rise to various fallacious appearances. One of the most remarkable is the

spottiness which some surfaces assume, not unfrequently so much resembling

small globules as to have been mistaken for them
;
an optical illusion having

thus been the basis of some ingenious speculations on organic matter.

Such appearances have little place with the finer achromatics, the large

angle of whose pencil and its accurate correction enable us to magnify their

image greatly, still discovering something new in our object, before we are

checked by the circles of diffusion of the effective rays ;
but these at last,

whether proceeding from the causes mentioned or from others to be hereafter

noticed, form in every microscope the boundary to defining power, except

where faulty materials or workmanship give it an earlier limit.

It is the marginal rays which contribute especially to render visible close

and delicate lines, such as those on the scales of lepidopterous insects, and

some of the most difficult of these are even best seen when the central light is

intercepted -j~.

A glass that is far from correct in its figure will sometimes show lines of

this description sharply, while the outline of the scale is indistinct, and the

To obtain such, I have always placed a globule on a piece of black glass, and scattered it into

many by a smart stroke, some of which will be extremely minute.

f The blue down of the Menelaus and the white of the Cabbage Butterfly (Morpho Menelaus and

Fieris Brassicae) well deserve the place they have acquired as standard tests, especially on account of

the respective characters of their transverse tracings. Some of the small oval scales from the body of

the Twenty-plumed Moth (Alucita hcxadactyla) are among the closest and most elegant in their lines

that I have seen
;
others are very easily resolvable, and the down has such diversity of form as often

to afford within a short space a ready variety of excellent tests. I he same is to be said of the scales

of Podura plumbea, of which all are difficult, and some seem to defy all powers of definition.

It may be observed, that with most objects there is such difference between individual specimens

nl in me kind, that in general the only safe way to determine between two good microscope ,
is

to apply the sam< specimen to both under the same circumstances of power and light.
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contrary ; but one in which both aberrations are destroyed should give the

outline and the lines distinct together. Even some good glasses, however, have

a defect, against which we should be on our guard ; that in certain directions

of the light they are liable to show lines on an object which do not really exist.

It is observable, that provided the aperture of the glass remains open, the

central pencil of light admitted behind many transparent objects may be

limited to a very small one without greatly impairing their sharpness
;
parallel

lines or spots spread closely over a flat surface often remaining plainly visible

in this case, which at a far less amount of contraction by a stop behind the

object-glass cannot by any management be made to appear. The reason of

this seems to be, that both reflection and refraction of a part of the rays take

place at such objects, by which the pencil is spread out on leaving them to a

much increased angle in its progress to the glass.

The relation between the aperture of microscopic object-glasses, even of the

same focal length, and the pencil of light admitted by them, will vary much,

according to differences in their thickness, their combination &c. ; and as

aperture is valuable only in proportion to the pencil it admits, the latter would

seem to be the circumstance the more deserving attention of the two. It is so

often erroneously estimated, that I will mention a simple mode of ascertaining

it, which will be found pretty accurate.

Fix a piece of paper on a table, and on it place the microscope with its body

horizontal, and one of the eye-pieces on ;
set a candle on a level with it a few

yards distant
; then having directed the body of the instrument so far on one

side of the candle, as that the light from it shall bisect the field vertically,

leaving half of it dark, trace on the paper a line corresponding to the side of

one of the legs. Now, taking the focus of the object-glass as a pivot, turn the

microscope horizontally to the other side of the candle till the opposite half of

the field only is illuminated, and mark again on the paper the position of the

side of the leg. The measure of the^angle traversed shown by the two lines is

that of the pencil of light.

In the remarks which follow, the term correction is used to imply the effect

produced by the denser concave lens of a compound object-glass upon the

aberration of its convex. Thus as in a simple convex lens, the rays which

pass through it near the circumference have their foci shorter than the more
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central rays, and the colours of the violet side of the spectrum into which each

ray is refracted have also their foci shorter than those of the red side ;
if

either of these errors is but partially removed by the concave lens, the glass is

said to be under-corrected as to that aberration, and over-corrected if the op-

posite error is produced by it.

A large focal pencil free from all aberration is evidently the great requisite

for the object-glass of the compound microscope
; a second point desirable to

be attained is, that the field should be flat and well defined throughout; and a

third, that the light admitted should as much as possible be only such as goes

to form the picture, and should not be intercepted or diffused over the field by

too many reflections.

The prominent obstacle to obtaining a sufficient pencil for high powers by

one object-glass of large aperture and deep curves, is that the correction for

the spherical figure by the concave lens is greater for the rays of the circum-

ference than its due proportion to that for the more central ones; so that when

such a glass is corrected for the mean of the pencil, if we suppose its disk

divided into a central space and three rings surrounding it, the rays which

pass through the central space and those of the second ring from it will arrive

at their focus when those of the first ring will have just crossed the axis, and

those of the marginal ring will not quite have reached it. The injury resulting

to the defining power is in similar glasses inversely as the squares of their focal

lengths, as far as regards this cause of error, as well as those which arise from

incorrigible colour and defects of workmanship. The effects upon the pencil

which have been before described, must not be included under the same law.

This excess of correction in the marginal rays increases after a certain point

mi rapidly with a small enlargement of the aperture of the glass, as soon to

prescribe a limit, beyond which it cannot be carried without injury to the

picture.

With glasses of more contracted aperture and at the several surfaces of

which the marginal refraction is moderate, the effect alluded to is compara-

tively inconsiderable; and consequently by dividing the refraction among two

or more such glasses corrected for the rays that pass through them, the pencil

received may be enlarged without impediment, and the light and distinctness

greatly increased, thus constituting the important advantage of combination.
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The triple object-glass is thus very superior to a double one when each is

used singly, and the union of two triple ones has been already proved in Eng-

land to be eminently effective. Tulley’s 0.9 inch glass singly admits a pencil

of near 20°, and his combination, one of 38°.

These triple glasses and the double ones of Professor Amici are adapted by

the form of their curves each to its respective place
; but the foreign double

glasses which have their flint lens plano-concave, and particularly those of

Utzschneider before mentioned, are made much on one model, and intended

to be each good alone. It might seem but reasonable to infer from this, that

they would be unfit to be combined ; and accordingly when screwed together,

most of the numerous practicable changes of his series of five glasses, of which

as many as four may be united for use, have much indistinctness from sphe-

rical error ; and this is I think the case with all those combinations which the

maker contemplated. Some peculiarities, however, observed two years ago

in Chevalier’s object-glasses, led me to undertake a close examination of these,

which were liberally placed at my disposal for the purpose, in the hope of dis-

covering the cause for a discrepancy which appeared in their effects.

I found that with a part of the combinations, the image of any bright point

that was at some distance from the centre of the field had a faint light or coma

stretching outwards from it ; with others the coma was as much inwards.

The spherical aberration was in general much over-corrected, but in some

triple and quadruple combinations the opposite error showed itself ; and out of

the whole number one triple and one quadruple were remarkably beautiful and

distinct.

The result of this investigation was to disclose or confirm to me the exist-

ence of some properties of the double object-glass, which have not I believe

been hitherto recorded, and which it is now my purpose to describe only in

connection with the subject before us,—the improvement of the microscope.

With this in view I would premise that the plano-concave form for the cor-

recting flint lens, which was probably adopted at first for its simplicity, has in

that quality a strong recommendation
;
particularly as it obviates the danger

of error which otherwise exists in centering the two curves, and thereby admits

of correct workmanship for a shorter focus. To cement together also the two

lenses of the glass, diminishes by very nearly half, the loss of light from reflexion,

2 cMDCCCXXX.
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which is considerable at the numerous surfaces of a combination. I have

thought the clearness of the field and brightness of the picture evidently

increased by doing this ; it prevents any dewiness or vegetation from forming

on the inner surfaces
; and I see no disadvantage to be anticipated from it, if

they are of identical curves and pressed closely together, and the cementing

medium permanently homogeneous.

These two conditions then, that the flint lens shall be plano-concave, and that

it shall be joined by some cement to the convex, seem desirable to be taken as

a basis for the microscopic object-glass, provided they can be reconciled with

the destruction of the spherical and chromatic aberrations of a large pencil.

Now in every such glass that has been tried by me, which has had its cor-

recting lens of either Swiss or English flint glass, with a double convex of

plate, and has been made achromatic by the form given to the outer curve of

the convex, the proportion has been such between the refractive and dispersive

powers of its lenses, that its figure has been correct for rays issuing from some

point in its axis not far from its principal focus on its plane side, and either

tending to a conjugate focus within the tube of a microscope, or emerging

nearly parallel.

Let a b be supposed such an object-glass, and let it be roughly

considered as a plano-convex lens, with a curve a c b running

through it, at which the spherical and chromatic errors are

corrected, which are generated at the two outer surfaces ;
and

let the glass be thus free from aberration for rays f d e g
issuing from the radiant point f\ h e being a perpendicular to

the convex surface, and i d to the plane one. Under these cir-

cumstances the angle of emergence g eh much exceeds that of

incidencef d i, being probably almost three times as great.

If the radiant is now made to approach the glass so that the

course of the ray fdeg shall be more divergent from the

axis, as the angles of incidence and emergence become more

nearly equal to each other, the spherical aberration produced

by the two will be found to bear a less proportion to the op-

posing error of the single correcting curve a c b
;

for such a

focus therefore the rays will be over-corrected.
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But if f still approaches the glass, the angle of incidence continues to

increase with the increasing divergence of the ray, till it will exceed that of

emergence which has in the mean while been diminishing, and at length the

spherical error produced by them will recover its original proportion to the

opposite error of the curve of correction. When f has reached this point f",

(at which the angle of incidence does not exceed that of emergence so much

as it had at first come short of it,) the rays again pass the glass free from

spherical aberration.

Iff be carried from hence towards the glass, or outwards from its original

place, the angle of incidence in the former case, or of emergence in the latter,

becomes disproportionately effective ; and either way the aberration exceeds

the correction.

These facts have been established by careful experiment : they accord with

every appearance in such combinations of the plano-convex glasses as have

come under my notice, and may I believe be extended to this rule ;—that in

general an achromatic object-glass, of which the inner surfaces are in contact,

or nearly so, will have on one side of it two foci in its axis, for the rays

proceeding from which it will be truly corrected at a moderate aperture ; that

for the space between these two points, its spherical aberration will be over-

corrected, and beyond them either way under-corrected.

I am not aware that an exception is to be made for any

quality of glass or curves that are likely to be used for the

microscope : but I apprehend a case may occur, if the flint

glass is convexo-concave and the convex lens united to its

concave side, that neither of the aplanatic pencils may con-

verge after traversing the glass, and that their foci for a

radiant may be on opposite sides of it, the principle however

of the two foci remaining unaltered.

To try this principle under a great change of circum-

stances, and to prove in what manner it was applicable to

another most simple form of the object-glass, having made

a magnified tracing of the curves of one of Utzschneider’s*,

and drawn a ray through it from its longer aplanatic focus,

* See Figure p. 194.

2 c 2
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which was ascertained after cementing the lenses ; I laid down a figure of the

flint lens inverted, and by means of the angles of the other diagram projected a

plano-convex z to be joined to its flat side. The new glass proved as achro-

matic as the original, though the single radius of the plano-convex was more

than one-third longer than corresponded with the curves of the former double

convex lens : the two aplanatic foci showed themselves as before
; the longer,

however, not in the place indicated by the ray drawn : but at a point F,

about two-thirds more distant from the glass, and from which both surfaces

of the flint lens bent the pencil outwards ; the shorter focus F" too becoming

about half the length of the other, and the angle of incidence of its rays not

equalling that of their emergence.

The longer aplanatic focus may be found when one of the plano-convex

object-glasses is placed in a microscope, by shortening the tube if the glass

shows over-correction, if under-correction by lengthening it, or by bringing the

rays together should they be parallel or divergent, by a very small good tele-

scope. The shorter focus is got at by sliding the glass before another of suffi-

cient length and large aperture that is finely corrected, and bringing it forwards

till it gives the reflexion of a bright point from a globule of quicksilver, sharp

and free from mist, when the distance can be taken between the glass and the

object.

The longer focus is the place at which to ascertain the utmost aperture that

may be given to the glass, and where, in the absence of spherical error, its exact

state of correction as to colour is seen most distinctly.

The correction of the chromatic aberration, like that of the spherical, tends

to excess in the marginal rays ; so that if a glass, which is achromatic with a

moderate aperture, has its cell opened wider, the circle of rays thus added to

the pencil will be rather over-corrected as to colour.

The same tendency to over-correction is produced, if, without varying the

aperture, the divergence of the incident rays is much augmented
; as in an

object-glass placed in front of another : but, generally, in this position a part

only of its aperture comes into use ; so that the two properties mentioned

neutralize each other, and its chromatic state remains unaltered. If, for ex-

ample, the outstanding colours were observed at the longer focus to be green

and claret, which show that the nearest practicable approach is made to the
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union of the spectrum, they usually continue nearly the same for the whole

space between the foci, and for some distance beyond them either way.

The places of these two foci and their proportions to each other, depend on

a variety of circumstances. In several object-glasses that I have had made for

trial,—plano-convex, with their inner surfaces cemented, their diameters the

radius of the flint lens, and their colour pretty well corrected,—those composed

of dense flint and light plate have had the rays from the longer focus emer-

ging nearly parallel
; and this focus has been not quite three times the distance

of the shorter from the glass : with English flint the rays have had more con-

vergence, and the shorter focus has borne a rather less proportion to the longer.

If the inner surfaces are not cemented, a striking effect is produced by mi-

nute differences in their curves. It may give some idea of this, that in a glass

of which almost the whole disk was covered with colour from contact of the

lenses, the addition of a film of varnish so thin that this colour was not de-

stroyed by it, caused a sensible change in the spherical correction.

I have found that whatever extended the longer aplanatic focus, and in-

creased the convergence of its rays, diminished the relative length of the

shorter. Thus by turning to the concave lens the flatter instead of the deeper

side of a convex lens, whose radii were to each other as 31 to 35, the pencil of

the longer aplanatic focus, from being greatly divergent, was brought to con-

verge at a very small distance behind the glass ; and the length of the shorter

focus which had been one-half that of the longer, became but one-sixth of it.

The direction of the aplanatic pencils appears to be scarcely affected by dif-

ferences in the thickness of glasses, if their state as to colour is the same.

One other property of the double object-glass remains to be mentioned

;

which is, that when the longer aplanatic focus is used, the marginal rays of

a pencil not coincident with the axis of the glass are distorted, so that a coma

is thrown outwards ; while the contrary effect of a coma directed towards the

centre of the field is produced by the rays from the shorter focus. These

peculiarities of the coma seem inseparable attendants on the two foci, and are

as conspicuous in the achromatic meniscus, as in the plano-convex object-

glass.

Of several purposes to which the particulars just given seem applicable, I

must at present confine myself to the most obvious one. They furnish the
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means of destroying with the utmost ease both aberrations in a large focal

pencil, and of thus surmounting what has been hitherto the chief obstacle to

the perfection of the microscope. And when it is considered that the curves

of its diminutive object-glasses have required to be at least as exactly propor-

tioned as those of a large telescope, to give the image of a bright point equally

sharp and colourless, and that any change made to correct one aberration was

liable to disturb the other, some idea may be formed of what the amount of

that obstacle must have been. It will however be evident, that if any object-

glass is but made achromatic, with its lenses truly worked and cemented so

that their axes coincide, it may with certainty be connected with another pos-

sessing the same requisites and of suitable focus, so that the combination shall

he free from spherical error also in the centre of its field. For this the rays

have only to be received by the front glass B, from its shorter aplanatic focus f,

and transmitted in the direction of the longer correct pencilfA of

the other glass A. It is desirable that the latter pencil should neither

converge to a very short focus, nor be more than very slightly, if at

all, divergent ; and a little attention at first to the kind of glass used

will keep it within this range, the denser flint being suited to the

glasses of shorter focus and larger angle of aperture.

The adjustment for the microscope is then perfected, if necessary,

by slightly varying the distance between the object-glasses
; and

after that is done, the length of the tube which carries the eye-

pieces may be altered greatly without disturbing the correction

;

opposite errors which balance each other being produced by the

change.

If the two glasses, which in the diagram are drawn as at some

distance apart, are brought nearer together, (if the place of A for instance, is

carried to the dotted figure,) the rays transmitted by B in the direction of the

longer aplanatic pencil of A, will plainly be derived from some point (z) more

distant than and lying between the aplanatic foci of B ; therefore (accord-

ing to what has been stated) this glass, and consequently the combination, will

then be spherically over-corrected. If on the other hand the distance between

A and B is increased, the opposite effects are of course produced.

In combining several glasses together, it is often convenient to transmit an
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under-corrected pencil from the front glass, and to counteract its error by

over-correction in the middle one.

Slight errors in colour may in the same manner be destroyed by opposite

ones ; and on the principles described, we not only acquire fine correction for

the central ray, but by the opposite effects at the two foci on the transverse

pencil, all coma can be destroyed, and the whole field rendered beautifully flat

and distinct.

The occurrence of two good combinations among the numerous ones of

Utzschneider’s glasses will now appear only what might be expected
; and

more are to be obtained from them by varying the distance of the glasses from

each other.

I have very lately seen one of Chevalier’s combinations of three glasses,

each about 0.4 inch in focus, inferior indeed to these, and of contracted aper-

ture, but which I ought to notice because its image is pretty well corrected

with the glasses in the order given to them by the maker. At the same time,

I do not suppose him to be acquainted with the principle which constitutes the

key to the effect ; otherwise he would hardly have failed to apply it more

effectually.

The achromatic meniscus that has been described enters well into combina-

tion, and may perhaps be useful as the front glass of three, but its power is

small in proportion to its curves. It admits too of being cemented at the back

of an achromatic plano-convex ; and they may make together a powerful com-

pound glass to go before another.

Though the plano-concave form has been proposed for the flint lens, in the

larger glasses it might perhaps occasionally be relinquished with benefit.

Some attention has yet to be given to obtain the best effect from combina-

tion ; so that with the largest pencil that may be found desirable, and sufficient

clear space before the front of the glass, the field may be aplanatic, and the

focus short. Already, however, the three first plano-convex glasses that have

been made for me by Tulley, only for preliminary experiments, the shortest

of them of 0.7 inch focus, have produced at an aperture of 50° the most distinct

microscopic vision that I have yet met with ; and I anticipate no serious im-

pediment to the carrying defining power much further.

These statements are intended only as a notice, for practical purposes and
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wholly detached from theory, of facts that have been in part very recently

ascertained. In investigating them I have depended chiefly on magnified

measurements and diagrams, which, though not strictly correct, may perhaps

be as well adapted as other far more exact but difficult methods, for construct-

ing the minute and complex object-glass of a microscope. It is to this that

the observations made particularly apply
; and should they bring more within

reach than previously, the requisites which have been enumerated, I trust

they may not be unacceptable to the enlightened optician ; especially if in this

department he unite, like Tulley, the zeal of the amateur with the skill of the

superior artist.

I intend soon to put to the test of experiment, whether or not the principle

of the two aplanatic pencils may be applied to telescopes, in cases in which it

is requisite to restrict their length, so as to enlarge their aperture with a corre-

sponding increase of light and distinctness. In the mean time, it would give

me pleasure to see that principle demonstrated, if it deserve it, by some abler

hand than mine, and treated in a more rigorous manner than my own limited

acquaintance with mathematical science qualifies me to undertake.
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XIV. On the pendulum. By J. W. Lubbock, Esq. F.R.S.

Read March 11, 1830.

Captain kater was the first who made use of PIuygens’s theorem with

respect to the convertibility of the centres of suspension and oscillation to

eliminate the moment of inertia, and to obtain the length of the simple

pendulum by measuring the distance between the knife edges or axes of sus-

pension. But this very ingenious method of determining the length of the

simple pendulum must be considered as a first approximation, which is

true only when many circumstances which might affect the truth of the result

are not taken into account, but of which the following investigation shows

that when the experiments are conducted with care, the effect is insensible.

It is, however, desirable to ascertain carefully the limits of the errors which

may rise from the circumstances to which I have alluded, and to render the

theory of Captain Rater’s pendulum as perfect as the method of observa-

tion. Laplace has given a complete theoiy of the apparatus used by Borda

in the Connaissance des Temps ; and he has shown that in the apparatus of

Captain Rater, the distance between the knife edges is equal to the length of

the simple pendulum, when they are considered as cylinders of small curvature,

provided their radii of curvature are equal ; which theorem is also proved in

Professor Whewell’s Dynamics. But no one I believe has yet discussed all

the circumstances which affect the accuracy of Captain Rater’s method ; and

I have therefore attempted to do this in the following paper, in which I have

treated the question with the utmost generality, taking the case of all possible

deviations and of axes any how placed, provided only that they are synchro-

nous.

I have taken the pendulum used by Mr. Baily, and described by him in the

Philosophical Magazine of last February, to afford a numerical example, and I

2 DMDCCCXXX.
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have given the errors which would arise in the length of the simple pendulum

corresponding to given deviations of the knife edges : it is difficult to make

the results intelligible without the use of symbols ; but I may add, that the

effect of a small deviation of one of the knife edges in azimuth is quite insen-

sible : this is not the case with a deviation in altitude : a deviation of a degree

in altitude increases by 3 the vibrations in twenty-four hours : a deviation from

horizontally in the agate planes has a more sensible influence than either of

the former deviations : a deviation in horizontally in the agate planes of 10'

increases by about 6 the vibrations in twenty-four hours : both these deviations

have the effect of rendering the distance between the knife edges greater than

the true length of the simple pendulum. I have also considered the case in

which the agate planes are fixed on the pendulum and vibrate on a fixed knife

edge ; and I find, as might be expected, that the length of the simple pendu-

lum is equal to the distance between the planes.

Let 0.r, Oy, Oz be rectangular coordinate axes meeting in the point O in the

plane (x y), upon which the pendulum rests ; let the plane (x z) be vertical and

the plane (x y) nearly horizontal, and let the axis of rotation coincide with the

line Ox. Let g be the force of gravity, s the angle which a vertical line

makes with the axis O z, a the distance of the centre of gravity from the line

Ox, and M (a2 -f k2) the moment of inertia of the pendulum about the axis

Oj: ; then, according to the analysis of M. Poisson, (Traite de Mecanique,

p. 1 1 G.) the length of the simple pendulum which oscillates in the same time

a2 + k*
is .

a cos

Let G x
t ,
G yt,

G z
t
be the three principal axes which intersect each other

in the point G, and let the equations to the axis Ox referred to the coordinate

axes G xp G y t ,
G z

{ ,
which are fixed in the pendulum and move with it, be

yt
= x

t

tan 5 -f- /3

tan 8'

z. — x. j —f- y.

S and S' are small angles which may be considered as the deviations of the

knife edge in azimuth and altitude.

If a y = b x |3
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are the equations to any straight line (f) in space, the equations to a straight

line perpendicular to this line, and passing through the origin, are

$ax-\-by-\-cz=- 0 1

\y (a y — b x) = (3 (a z — c x) J(ay — b x) = (3 (a z

and the shortest distance from the origin to the given line

_ /(<3 b — y cf + (3
a
c
2 + y

9 a3

V fl
3 (a2 + Z>

2 + c
2

)

The equation to a plane passing through the origin and the given line is

y (ay — b x) — (3 (a z — c a)

and the equations to the intersection of this plane with the plane (z y) are

yy = (3
2

x = 0

If a' y = V x + (3'

a! z = c' x + 7
f

be the equations to any other straight line (§') in space

aa' + bU + cc*
COS £ § V cP + b2 + c' V a12 + V2 + d2

Hence the cosine of the angle formed by the line § and the intersection of

the plane

y (ay — b x) = (3 (a z — c x)

with the plane s y
(3b + 7 c

V cd + b2 + c
2 V /3

2 + y
2

the sine of the same angle

= v/(^V s/

a

y c)
2 + /3

2 c2 + y
2 a2

V a2 + b2 + c* */ (
3
2 + y

2

These equations being premised ; let C be the point in the axis or knife

edge, O x
, where a perpendicular let fall upon it from the centre of gravity G

cuts it ; let C' be the point where the plane (z y) cuts the axis O x
;
and let C"

be the point where one of the surfaces of the pendulum, supposed a parallele-

piped, cuts the same knife edge ; and let G" be the point in this surface where

a perpendicular let fall from G cuts it.

If half the thickness of the pendulum be called t

GC = G" C" sin C C' G - t cos CC'G
2 d 2
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sine C C' G2 {0 sin S cos S' — y sin S'}
3 + /3

2 sin 8'3 + y
2 cos 8

3 cos S
'2

F + r

cos CC'G = /3 sin 8 cos S' + y sin S'

7W+72 ’
if G C = a'

jS = a' sin X, y = a! cos X, X being a small angle

sin C C' G2 = { sin X sin S cos S'— cos X sin S'}2 -f- sin X2 sin S'2 + cos S2 cos S'2

cos C C' G = sin X sin S cos S' -j- cos X sin S'

neglecting sin X sin S and sin X2 sin S'

cos CC'G= sin S', sin CC'

G

= cos S'

G C = G" C" cos S' — t sin S'

Let g, g', g" be the angles which the line 0,r makes with the coordinate axes

G x
t,
G yt ,

G z
t

; and A, B, C the moments of inertia of the pendulum about

these axes : then by a well knoAvn theorem, if G C = a

the length of the simple pendulum

_ Ma2 + A cos s
2 + B cos s'

2 + C cos s"
2

Ma cos e,

cos g = cos S' cos S, cos g
f = cos S' sin S, cos e" = sin S'

S and S' may be considered as the deviations of the knife edge in azimuth

and altitude.

C being the point in axis O x where a perpendicular from G cuts it, the

index at foot indicates the knife edge, the length of the simple pendulum if

£/ = 0

r , ,

A cos Sj® + B cos s
12 + C cos e!\

2

~ U Ll H MGCj

let A — MW2
,
B — MW2

, C = M W'2, if the knife edges (1) and (2) are iso-

chronous

^ . F F sin e
2 - F2 cos e

12 - F3 cos e"
2

G Ll + G C,
“

G C
t

— G C2 +
F
G Co

lc
3 sin b

2 — k’2 cos e
f

2
2 — F2 cos e

"
2
2

GO
whence

GC
k2 = G C, X G C2 + g cJ- G C~ W sin g

/

2 “ U2 cos 6 *'
2 “ U’2 cos g",2

}

— {A2 sin g2
2 — A-'

2 cos g'
2
2 — A"2 cos eV}
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The length of the simple pendulum is

r* , /~i n ,
k2 (sin g,

2 — sin s2
2
)
— 7c7

2 (cos i\2 — cos g'
2
2
)
— k"2 (cos g",

2 — cos £
f'

2
2
)

Lr L/! + (j L/2 i GCj-G Cj

G C = G" C" cos S' - t sin S'

= G" C" 1 1 - 2 sin ~
j
- t sin S'

The apparent length of the simple pendulum = C", C"
2

The true length of the simple pendulum is

G" C'\ + G" C"
2 - 2 G" C\ sin ^-2 G" C"2 sin^ - t sin S', - t sin S'

2

+
k3 (sin £,

2 — sin e2
2
)
— 7c'

2 (cos s',
2 — cos s 2

2
)
— 7c"

2 (cos e"
2 — cos e"

2
)

G C2 - G C,

The angle C", G" C"2
=

C," Ca
" = G" C," + G" Ca

" - 2Cl
"c,“C/

8
" G"

{
sin ^

2
~

}

2

The true length of the pendulum is

C,"C," +
2 C,G x C2 G

|
sin ^

2 ^ |

2— 2 G Cj
|

sin ^ |

2— 2 G C2 |
sin ^ j

+

C, C2

— t sin S', — t sin S
2

k2
(sin s,

2 — sin g
2 )

2 — k'
2 (cos g,

2 — cos g'
2)

2 — k"2 (cos e"
x

2 — cos g"
2
2
)

G C2 - G C,
~

The sign of the quantity t sin S' depends upon which surface of the pendu-

lum the distance between the axes is measured, and might be got rid of by

measuring the distance between the knife edges on each of the surfaces which

are intersected by them, and taking the mean.

I have endeavoured as far as possible to conform to the notation ofM. Poisson

in the Traite de Mecanique ; but this is rendered difficult, because M. Poisson

sometimes takes the axis Ox to be vertical, (vol. ii. p. 113,) and sometimes the

axis Oz (as vol. ii. p. 185), and he uses the letters in two different acceptations,

(vol. ii. pp. 119 & 185.)

In the notation of the article on the Pendulum in the Supplement to the En-

cyclopaedia Britannica

s = X, s' = Y and e" = Z, a = h.
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The author of this article assumes the equations of the axis of rotation to be

x, — a Zj -f- a

&, = **, + &

and he gives the equation h = —

=

_ >/ + /3“

V 1 + <z
a + b2

this equation is incorrect ; it should be

{(«
9 + /

3
2
)(1 + a* + b*)-(ax + b(;3 )

5

}
h = V (1 + a2 + 5s)

It is easy by proper substitutions in the equations which I have given, to

ascertain the influence of any deviation of the knife edge ; and for this purpose

I shall take the pendulum described in the Annals of Philosophy, vol. iv.

p. 13/. used by Mr. Baily, of which the length is 62 inches, the width 2 inches,

and the thickness ‘2/5 inch. One of the knife edges is 5 inches from the extre-

mity ; and therefore from well known expressions for the moment of inertia in

a parallelepiped,

3l 2 + l
k2 = = 320-6666

H2 = g-llJ-'I .

3752 = 320 -339

k"2 = 1
-
75 '

= -33964

If X, o, V and e, = 0, G Ch = 11.2514, G C2 = 28.5, Ci C
2 = 39.7514

1 . When S' and e, = 0, the true length of the simple pendulum

{
sin !}

2qu q ii
2 Cj G X C2 G

Ci C2

= 397514 + -80667 {siny}
2

2. When S' and g,
= 0, the true length of the simple pendulum

P - IP * V9
sin o'p a p a i— T (jc2

_ GO,

= 39./5 14 + .013137 sin S
2

.
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3. When X, S and s
/
= 0, the true length of the simple pendulum

7.2 _ 7JI2 S/2

= C/' C2
" + g

-

07-^C, sin ^'2 - 2 G c
.
sin -V

§/3

= 39.7514 + 18.5712 sin S'
2 — 22.5028 sin

4. When X, & and S' = 0, the length of the simple pendulum

= c
L
c
?

COS Ey
'

The following table shows the increase in the number of vibrations in a day

due to different values of X, h, h', and tr
A. 5 if

30' .62 .00 1.08 1.85

1° 2.66 .00 4.20 6.54

So that if, for example, X — 1°, the number of vibrations in a day is increased

by 2-66, and a deviation S' in altitude of 1° has the effect of making the distance

between the knife edges less than the true length of the simple pendulum by

.00394, and of increasing the apparent number of vibrations by 4.20 in a day.

I shall now consider the case in which the plane is

moveable with the pendulum, and rests upon the

knife edge, which is fixed.

Let D E F be a section of the knife edge, F O = r

the angle D O F = 0.

A G = y, OA = 2,GH = «

y = B C + C G, ultimately when 0 is small

y — B C sin 0 + r 0, O A = O B ultimately

z = BC cos 0.

It may easily be shown that

A
\% + M {§ + %] +*M g z = Mh

(See Poisson, Trait6 de Mecanique, vol. ii. p. 189.)

d y •=: {a cos 0 + r} d 0

d 2 = — a sin 0 d 0

dfl
2

{ k
2 + (a + r) 2

} + 2 g acos 0 — h

The length of the simple pendulum is F + (a + rf
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If the two knife edges are isochronous, and n = r2

k2 + K + r)
2 _ k2 + (Qq + rf

a
x

c2

7 2 _ ciK + r
)
2 — a2 (g! + r

)
2

^ ~
C2 —

The length of the simple pendulum = <?2 + «i + 2 r = the distance be-

tween the planes which vibrate on the knife edges.

Index to the notation.

0x,0y,0z rectangular coordinate axes meeting in the point O. G the centre

of gravity, G.r
;,
Gy,, Gz,, their principal axes which intersect each other in the

point G. C the point in the axis Ox, where a perpendicular let fall upon it

from the centre of gravity G cuts it, C' the point when the plane (zy) cuts the

axis Ox
;
C" the point where one of the surfaces of the pendulum cuts the same

knife edge, G" the point in this surface where a perpendicular from G cuts it.

g the force of gravity

yt
= x

t
tan h -f- /3

tan S .

Z. = X, z i, + 7
1 1 tan S'

1 '

the equations to the axis O# referred to the coordinate axes G^, Gy
t,
Gzp so

that h and l' may be considered as the deviations of the knife edge in azimuth

and altitude.

G C = a, G C' = a'.

M = the mass of the pendulum.

A, B, C the principal moments of inertia.

A = d/A-2, B = M k'2, C = Mk"2.

e, s', s" the angles which the line 0.r makes with the coordinate axes, Gxp

Gy,, G zr

t = half the thickness of the pendulum.

(3 = a! sin X, y = a' cos X.

x, y, z the coordinates of the centre of gravity.

r the radius of curvature of the knife edge.
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XV .—On the theoretical investigation of the velocity of sound, as corrected

from M. Dulong’s recent experiments, compared with the results of the obser-

vations of Dr. Moll and Dr. Van Beek. By Dr. Simons, Assistant at the

i-T has been demonstrated by the ever-to-be-lamented Laplace*, that in order

to obtain the velocity of sound by calculation. Sir Isaac Newton’s original

expression'!',

must be multiplied by the square root of the ratio between the specific heats

of atmospheric air under a constant pressure and under a constant volume.

sound is transmitted
; the density of mercury being equal to 1.

The coefficient, which is to multiply the Newtonian formula, has been de-

duced by M. Laplace, first from MM. Laroche and Berardo’s^; experiments,

next from those of MM. Clement and Desormes§, and finally from the more

accurate investigations of MM. Gay-Lussac and Welter.

By introducing this correction, the velocity as deduced from calculation,

was found to differ but little from what is actually obtained by experiment.

But this difference between calculation and experiment, however small, was

always such, that the observed velocity constantly exceeded that which was

deduced by calculation.

* Annales des Physique et de Chimie, t. iii. p. 238. t. xxiii. p. 1. Mecan. Celeste, t. v. p. 119, seqq.

f Princip. 1. ii. prop. 48.

+ Annales de Chimie, t. lxxxv. p. 72.

§ Journal de Physique, t. lxxxix. p. 333, seqq.

Observatory of the University of Utrecht. Communicated by Captain Henry

Kater, Vice-President.

Read March 18, 1830.

In this formula V is the velocity of sound, g the intensity of gravitating force,

p the atmospheric pressure, and D the density of the medium through which

2 emdcccxxx.
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The degree of accuracy with which experiments on the velocity of sound are

now conducted, naturally led to a supposition that some of the elements of the

theoretical formula were susceptible of a greater degree of correctness ; and

thus natural philosophers were rather inclined to attribute the difference

between experiment and calculation to some deficiency of the analytical

expression, than to error in the observation.

It has been shown in a recent volume of the Philosophical Transactions,

that the experiments on the velocity of sound, made by Captain Parry in the

polar regions, lead to the same conclusions with those made by Drs. Moll and

Van Bef.k, under widely different circumstances ; and this coincidence would

tend to confirm our doubts as to the correctness of some of the elements of the

computation.

A very able experimentalist, M. Dulong, lately published some experiments

on the specific heat of the gases*, in the investigation of which he recurs to

Laplace’s analytical formula. M. Dulong’s reasoning is nearly this : If it be

admitted that the velocity of sound in atmospheric air is obtained by multi-

plying the Newtonian formula by the square root of the ratio between the two

specific heats of the air, under a constant pressure, and under a constant

volume, it must follow, that this ratio, or the coefficient with whose square

root the original formula must be multiplied, may also be deduced from the

velocity of sound as given by observation. Accordingly, M. Dulong com-

puted this ratio or coefficient from actual observations on the velocity of sound,

bv the formula v V2

g-P
D

in which K is the ratio between the specific heat of air under a constant

pressure, and the specific heat of air under a constant volume, whilst V is the

velocity of sound as obtained by experiment.

The object of this paper is to compare the inquiries of M. Dulong with the

experiments on the velocity of sound made by Drs. Moll and Van Beek,

which were published in the Philosophical Transactions.

The following Table contains only such of the observations of Drs. Moll and

Van Beek, in which the guns were fired on both stations exactly at the same

Annales de Physique et de Chimic, t. xli. p. 118 .
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moment, and in which the interval of time between the flash and the report

was correctly observed at both extremities of the base.

Date.
No. of the

Observa-

tion.

Barometrical Pres-

sure reduced to 0°

Centigr. and cor-

rected for capillarity.

Metres p.

Tension of

AqueousVapour
in Metres T.

Temperature,
Centigrade

Thermometer.
t.

Time elapsed

between Flash

and Report.

1823.

June 27 1 0.74450 0.0095347 12.08
seconds.

52.035
3 0.74455 0.0095474 12.08 51.790
4 0.74455 0.0094585 12.01 51.695
5 0.74465 0.0096998 11.94 51.860
6 0.74455 0.0095347 11.88 51.850

8 0.74470 0.0094459 11.67 51.950

9 0.74470 0.0093697 11.60 51.845
12 0.74475 0.0093697 11.25 51.865
13 0.74470 0.0092173 11.25 51.945

17 0.74500 0.0093697 10.47 51.960
18 0.74505 0.0092173 10.40 52.055

19 0.74495 0.0092173 10.40 52.025
23 0.74480 0.0089888 10.28 51.995
24 0.74470 0.0088364 10.14 51.945
25 0.74475 0.0088364 10.07 52.020
26 0.74480 0.0084683 10.00 51.335

June 28 4 0.74830 0.0084638 11.89 52.020

5 0.74775 0.0083921 11.09 51.525

6 0.74800 0.0084638 11.53 52.245

7 0.74820 0.0081763 11.25 32.315

8 0.74815 0.0081763 10.78 52.215

9 0.74815 0.0083159 10.42 52.675
10 0.74835 0.0083921 10.28 51.175
14 0.74810 0.0081763 10.14 52.445
15 0.74810 0.0082524 10.42 51.965

17 0.74815 0.0086206 10.97 51.875
18 0.74805 0.0086968 10.89 52.240

19 0.74805 0.0087730 11.12 52.080

Length of base, 17669 metres.

From this Table and the following data, the results obtained by M. Dulong

were compared with Drs. Moll and Van Beek’s experiments.

The weight of a cube centimetre of mercury at the temperature of 0° Centi-

grade, is 13.596152 grammes. This is according to the experiments of MM.
Biot and Arago, and MM. Dulong and Petit’s subsequent investigations.

The weight of a cube centimetre of dry atmospheric air, at zero of Centigrade

scale, and under the barometric pressure of 0m.760 is, according to the same

observers, 0.001299541 grammes*.

* Biot, Traite de Physiq. Exper. et Matliem. t. i. p. 402, seqq. and p. 3S7.

2 E 2
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Now, if the intensity of the gravitating force at Paris be g', whilst it is g at

the place where the experiments are made, we have the weight of a cube centi-

metre of dry atmospheric air, under a pressure of 760mm, and at zero Centi-

grade, 0.001299541

Under the same circumstances the ratio of the density of air to that of mer-

cury, will be

:

0.001299541 g 1 gD “13.596152 ' g
1 10462.273 ’ g

1 ‘

If the barometric pressure becomes p, the temperature t Centigrade, the

tension of aqueous vapor T, the density of the air becomes

i y P~ f T g_~
10462.273 x 0.760 {1 + 0.00375./} g

substituting this value of D in the formula of the velocity of Sound, and ob-

serving that g = gj • -|j we have,

or,

V =

V =

\J10462.273 x 0.760 {1 + 0.00375. /. )p .g' .-§~

e 3 rp v 8 ^
{p- £T}

• 1G

\J 10462.273 x 0.760 (1 + 0.00375.

X

\J K.

\/ K.

This formula shows that V is independent of the latitude ; and thus that

the velocity of sound is not directly affected by the geographical position of

the place of observation. From the late M. Borda’s pendulum experiments,

we have the intensity of gravity at Paris, g
1 = 9.8282/.

From MM. Gay-Lussac and Welter’s experiments, the value of K is

deduced K = 1.3748.

From the more recent investigations of M. Dulong, we have K = 1.421.

Thus, taking K from MM. Gay-Lussac and Welter, the velocity of

sound is

V == 9.82827 x 10462.273 x 0.760 (1 + 0.00375./.}-^-^^ X \J 1.3748

and taking K from M. Dulong,

V = y/9.82827 x 10642.273 x 0.760 (1 + 0.00375./.} -

^
X y/ 1.421
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Finally, supposing- V' the velocity of sound observed at a temperature t and

a tension T, and V" the velocity of sound at zero Centigrade and dry air, we

have

= V X J.
p-i T

p {t + 0.00375 .*}

From these formulae the experiments of Messrs. Moll and Van Beek are

calculated ; the results of which are contained in the following Table.

A Comparative Table of the Velocity of Sound, as deduced by calculation,

and obtained by the experiments of Drs. Moll and Van Beek.

Date.

Number

of

ex-

periments.

j
Veloc. calc,

from the de-

termination

ofK by MM.
Gay-Lussac
& Welter

in 1".

Velocity

observed

by Drs.

Moll and
VanBeek
in 1".

Diff. of Obs.

and Calc. Ve-
loc., takingK
from MM.
Gay-Lussac
and Welter.

Velocity cal-

culated from
the determi-

nation of K
by M. Du-
long in 1".

Difference of

Observedand
Calculated

Velocity tak-

ing K from

M. Dulong.

Value of K
as deduced
from the ex-

periments of

Drs. Moll
and Van
Beek.

Observed
Velocity

reduced to

0° Cent,

and in dry

air.

DifF. between
the observed

reducedVelo-
city, and the

mean re-

duced Velo-

city.

1823. m m m m m m m
June27 1 335.590 339.565 + 5.025 341.182 -1.617 1.4065 331.327 -0.917

3 339.477 341.172 1.695 345.133 -3.961 1.3885 329-083 —3.161
4 335.599 341.799 6.200 341.192 +0.607 1.4260 333.497 + 1.253

5 335.519 340.711 5.192 341.110 -0.399 1.4176 332.515 + 0.271

6 335.469 340.777 5.309 341.059 -0.282 1.4186 332.629 + 0.385

8 334.818 340.721 5.303 340.397 -0.276 1.4187 332.634 + 0.390

9 335.287 340.810 5.523 340.873 — 0.063 1.4204 332.842 + 0.598

12 335.075 340.678 5.603 340.659 + 0.019 1.4211 332.924 + 0.680

13 334.292 340.154 5.862 340.646 -0.492 1.4169 332.424 + 0.180

17 334.604 340.055 5.451 340.180 -0.125 1.4199 332.783 + 0.539

18 334.527 339.435 4.908 340.101 -0.666 1.4154 332.252 + 0.008

19 334.527 339-631 5.104 340.101 -0.470 1.4170 332.444 + 0.200

23 334.453 339-827 5.374 340.026 -0.199 1.4193 332.709 + 0.465

24 334.360 340.154 5.794 339.932 + 0.222 1.4228 333.122 + 0.878

25 333.933 339-663 5.730 339.498 + 0.165 1.4224 333.067 + 0.823

26 334.245 340.219 5.974 339-814 + 0.405 1.4243 333.301 + 1.057

June28 4 335.358 339.663 4.305 340.946 — 1.283 1.4103 331.652 — 0.592

5 334.893 342.927 8.034 340.474 + 2.453 1.4415 335.032 + 2.788

6 335.164 338.200 3.036 340.749 — 2.549 1.3998 330.605 -1.539

7 334.971 337-554 2.583 340.553 -2.999 1.3961 329-973 — 2.271

8 334.688 338.395 3.707 340.262 -1.870 1.4053 331.075 — 1.119

9 334.482 335.440 0.958 340.056 -4.616 1.3827 328.386 —3.858
10 334.404 345.272 10.868 339-976 + 5.296 1.4622 338.090 + 6.154

14 334.301 336.911 2.610 339.872 — 2.961 1.3963 330.004 2.240

15 334.481 340.023 5.542 340.054 -0.031 1.4207 332.874 + 0.630

17 334.840 340.613 5.773 340.419 + 0.194 1.4226 333.094 + 0.850

18 334.798 338.233 3.435 340.377 — 2.144 1.4031 330.808 -1.436
19 334.941 339-272 + 4.331 340.522 -1.250 1.4106 331.682 — 0.562

Mean number 1.4152 332.244

The preceding table shows how very near M. Dulong’s value of K agrees
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with the result of experiment. Employing MM. Gay-Lussac’s and Welter’s

co-efficient, the differences between the observed and calculated velocity are

constantly affected with the same sign ; whereas in taking K from M. Dulong,

the differences are sometimes positive and sometimes negative. It is therefore

presumed that M. Dulong’s labours bring the calculation of the velocity of

sound much nearer to the truth than before, and that such differences as are

yet remaining between calculation and experiment, may be attributed, with

great probability, to errors unavoidable in such complicated observations.

Utrecht, December 30, 1829.
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XVI.

—

On the elasticity of threads of glass
, with some of the most useful appli-

cations of this property to torsion balances. By William Ritchie, A.M.

F.R.S., Rector of the Royal Academy of Tain .

Read March 18, 1830.

i. From facts connected with crystallization and elasticity, it seems ex-

tremely probable, that the atoms of matter do not attract each other indiffe-

rently on all sides. There appears to be peculiar points on their surfaces

which have a more powerful attraction for each other, than for other points on

the same molecule. This property is not peculiar to the atoms of ponderable

matter, but seems also to belong to those of light and heat. It is as impossible

to prove directly the existence of this property, as it is to prove the existence

of atoms themselves ; but on account of the satisfactory manner in which it

enables us to explain the'phsenomena of crystallization and elasticity, it is now

generally adopted.

2. If the atoms of solid bodies be slightly displaced by any mechanical

means, they will endeavour to return to their former state of aggregation when

the disturbing cause is removed. This property belongs in very different de-

grees to different substances. In lead it scarcely exists, and but slightly so in

soft copper. In brass, iron and silver, especially when drawn into wires, it

exists in a considerable degree. But all these substances have limits beyond

which the property does not hold. If for example an iron wire be twisted

several times, it will not return exactly to its former state, but remain partially

twisted. In threads of glass, on the contrary, there seems to be

no limit to this property, whilst the thread remains entire. Let

a fine glass thread be suspended from a moveable index, and

let a light horizontal needle of wood or straw be fixed to its

lower extremity as in the annexed figure. If the thread be now

twisted by means of the handle H, whilst the needle N is pre-

vented turning round, and then allowed to untwist itself, the

needle will return exactly to its former position after it has ceased to oscillate

ST
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If the vitreous molecules be held together by the attraction of their poles or

points of greatest affinity, it is obvious that these points will be displaced by

torsion along the whole line of Communication. The points of greatest

attraction thus displaced, will therefore endeavour to regain their former

state of stable equilibrium, and the thread will of course untwist itself till

the needle returns to its former position. It would be curious to ascertain

if a thread of glass, twisted as much as it can safely bear, and kept in that

position for several months or years, would return exactly to its former posi-

tion, or whether the atoms might not in course of time take up a new state of

stable equilibrium.

3. The number of times a thread of glass may be twisted without breaking,

will of course depend on its length and diameter. It is almost incredible the

number of times a thread of a substance so brittle as glass may be twisted,

before the points of greatest attraction of the vitreous molecules be actually

removed beyond the sphere of attraction, or in other words, before the thread

he broken. I have succeeded in drawing threads of glass of such extreme

tenuity, that one of them, not more than a foot long, may be twisted nearly a

hundred times without breaking. Hence it is obvious, that if a thread could

be drawn so fine as to consist of a single line of vitreous molecules, torsion

could have no tendency to displace the points of greatest attraction, and this

elementary thread might be twisted for ever without breaking. In that case

the compound molecules of glass would only turn round their points of

greatest attraction, like bodies revolving on a pivot.

4. It is difficult to prove by direct experiment some of the laws of torsion

established by Coulomb, as belonging to metallic wires, on account of the dif-

ficulty of procuring threads of glass of a uniform diameter throughout their

whole length. It is difficult, for example, to prove by experiments, that the

force of torsion of a glass thread is directly as its length, and inversely as the

fourth power of its diameter. Fortunately, however, the only property which

we are to employ in the construction of the following instruments, can be

proved by direct experiment. This property is, within certain limits, common

to all elastic threads, namely, “ that the force of torsion, or that force with

which a thread tends to untwist itself, is directly proportional to the number

of degrees through which it has been twisted*.”

* Biot, Traite de Physique, tom. i. p. 486.
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This property may be established by the following methods.

1st, Let a horizontal needle of glass, or of any substance not magnetic, be

fixed to the lower extremity of a fine thread of glass, and then made to oscil-

late : it will be found that these oscillations are isochronous, even when the

thread has been twisted through several circumferences. Now this isochro-

nism may be proved to belong only to an elastic thread possessing the property

enunciated in the preceding proposition.

2ndly, Suspend a magnetic needle in a horizontal position, by a similar

glass thread, over the centre of a large circle having its circumference divided

into degrees. Twist the thread by means of the key as in the common torsion

balance, and note the degrees of torsion and the corresponding deviations of

the needle from the magnetic meridian, and it will be found that the sines of

the deviations are proportional to the corresponding degrees of torsion ;—

a

property which can only belong to elastic threads possessing the property in

question*.

5. This perfect elasticity of torsion belonging to threads of glass, may be

applied with decided advantage to the electric and magnetic balances of

Coulomb. All that is necessary in those cases is to substitute a thread of glass

of the proper degree of fineness, for the silver wires employed with so much

success by the ingenious inventor. The application of this property to the

construction of a galvanometer and delicate balance, is, I believe, new, and

therefore I have ventured to lay a description of them before the Society ; but

before doing this, it may not be improper to describe the best method of

making the glass threads employed in the construction of these instruments.

Heat the end of a clean thermometer tube at the flame of a blowpipe, and

draw it out till it be of the thickness required for fixing in the hole in the end

of the torsion key, as in the annexed cut. f —„ Direct the

flame of lamp on the tube at A, till the glass has become sufficiently soft.

Remove it from the flame, and draw it out rapidly till it be of the length and

fineness required. By separating the thread from the tube, we shall thus have

a thread of any degree of fineness, terminated by two thicker portions, which

may be securely fixed with cement or sealing-wax as circumstances may

* Biot, Traite de Physique, tom. iii. p. 29.

MDCCCXXX. 2 P
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require. Simple as this may appear, it requires some practice in manipulation

to do it well ; it will therefore be necessary to draw several threads of different

lengths and degrees of fineness, and afterwards select those best adapted to

the instrument to which it is to be applied.

6. Description and use of the torsion galvanometer.

Take a fine copper wire and cover it with a thin coating of sealing-wax.

Roll it about a heated cylinder an inch or two in diameter, ten, twenty, or any

number of times, according to the delicacy of the instrument required. Press

together the opposite sides of the circular coil, till they become parallel and

about an inch or an inch and a half long. Fix the coil in a proper sole, and

connect the ends of the wires with two small metallic cups for holding a drop

of mercury. Paste a circular disc of paper, divided into equal parts, horizon-

tally on the upper half of the coil, and having a black line drawn through its

centre and in the same direction with the middle of the coil. Fix a small

magnet, made of a common sewing-needle or piece of steel wire, to the lower

end of a fine glass thread, whilst the upper end is securely fixed with sealing-

wax in the centre of a moveable index, as in the common torsion balance. The

glass thread should be inclosed in a tube of glass, which fits into a disc of thick

plate glass, covering the upper side of the wooden box containing the coil and

magnetic needle.

The whole will be obvious from the simple inspection of

the annexed vertical section of the instruments, in which W
is the coil of wire, C C' the cups, T the glass tube containing

the thread, I the index turning in the centre of a divided circle

to mark the degrees of torsion, and N S the magnetic needle.

By means of this instrument we may compare with great

accuracy the relative quantities of currents of voltaic electri-

city circulating along the wires of the coil. For this purpose

place the needle directly above the line drawn on the paper,

and consequently directly above, and in the direction of the

wires forming the upper side of the coil. Cause a current of voltaic electricity

to circulate along the wires, and the needle will of course be deflected. Twist

the glass thread, by turning the index, till the needle be brought to its former

position, and note the number of degrees of torsion ; untwist the thread, and

©t
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repeat the experiment with another current ; and the quantities of electricity

circulating round the wires will be directly proportional to the number of

degrees through which the thread has been twisted. By this contrivance it is

obvious that the currents always act with the same mechanical advantage on

the needle ; and consequently their deflecting forces, which are counter-

balanced by the elastic force of torsion, must be directly as the number of

degrees through which the thread has been twisted. In the common galvano-

meter, the deflecting force acts with diminished mechanical advantage as the

needle deviates from the coil. When it has been deflected nearly 90 degrees

from the original position, an additional power will produce scarcely any effect,

and consequently the instrument ceases to give indication of a more energetic

current.

This instrument appears to me well adapted to many interesting investiga-

tions connected with voltaic electricity; but these coujd not properly be

introduced in this paper, and may therefore form the subject of another com-

munication.

7. We shall now describe another application of the elasticity of glass

threads for ascertaining the weight of very minute portions of matter. The

chemist in some of his most refined analyses has frequently to ascertain the

weights of minute portions of matter, which by the ordinary process is a work

of time and labour. A balance of the most delicate and perfect kind is also

required, which, from its expense, frequently prevents the young chemist from

prosecuting his experimental researches.

The balance which I am now to propose may be made at a trifling expense,

and it will give the weights of small quantities of matter to a degree of

accuracy seldom attained by the most perfect hydrostatic balances.

Prepare a small wooden beam, very light and about a foot or fifteen inches

long, into the centre of which fix a steel blade having a smooth edge, like the

blade of a fine penknife. To one extremity of the blade and in the line of its

edge a fine thread of glass is to be securely fixed, whilst the other end of the

thread is to be secured with sealing-wax in the centre of a small cylindrical

key, passing through the centre of a vertical circle divided into degrees, or any

convenient number of equal parts. To the other end of the fulcrum, and also

in the line of the edge, a fine thread formed of a few fibres of untwisted silk is

2 f 2
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to be attached, whilst its other extremity is to be fixed to a spiral spring formed

of fine brass wire, in order to keep the glass thread properly stretched. The

knife edge is made to rest on two small portions of thermometer tube, placed

parallel to each other on the top of an upright support. Portions of a still

smaller steel blade are to be fixed, nearly in the same straight line with the

edge of the fulcrum and at the ends of the beam, for suspending the scales.

In one end of the beam a fine sewing-needle is to be fixed, for the purpose of

pointing out, on a divided scale, the position of the beam when nearly hori-

zontal. A similar needle is to be fixed in the cylindrical key, for pointing out

the number of degrees of torsion which the thread has suffered.

The annexed figure represents a perspective view of the instrument seen

obliquely, in which b is a beam, g the glass thread, k the knife edge fulcrum,

t t' the thermometer tubes for supporting the beam, s the spiral spring with its

attached silk thread, c the divided circle, and a the torsion key.

Having thus described the balance itself, we shall now explain the manner

of employing it; first, for the determination of very small weights, and secondly,

for heavier ones.

1st. To determine the weight of a small quantity of matter by employing

only one weight, suppose a grain.—Twist the glass thread by turning the tor-

sion key through two or three circumferences, according to the degree of torsion

which it will bear without the risk of breaking. Put brass filings or other

convenient counterpoise, into one of the scales till the beam be brought to a

position nearly horizontal, the index of the torsion key pointing to zero on the

divided circle. Place the body to be weighed into the scale, which is to be

raised by untwisting the glass thread. Turn the torsion key till the elastic

force of the thread raise the weight, and carefully observe the point on the

scale at which the needle, in the end of the beam, becomes stationary. Note
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the number of degrees of torsion which the thread has suffered. Remove the

weight, and untwist the thread till the beam returns to its horizontal position.

Put a small known weight into the same scale, and turn the torsion key till

the beam be raised to its former horizontal position, and observe the number

of degrees of torsion :—then will the degrees of torsion give the ratio of the

known and unknown weights. For example, if the thread suffered a tor-

sion of 1500 degrees to raise the body B, and 1000 to raise one grain, then

1000 : 1500 : : 1 grain : 1.5, the weight of the body. If the body required only

50 degrees of torsion to raise it, then its weight would be ^ or .05 of a grain.

2ndly. When the body to be weighed is much heavier than a grain, the best

way will be to ascertain its weight within a grain by the method of double

weighing, and then apply the principle of torsion for ascertaining the fraction

of a grain. Suppose the body to weigh nearly 100 grains, twist the thread

through two or three circumferences exactly as in the former method. Bring

the beam to a horizontal position by small shot or filings. Put the body into

one of the scales, and shot or filings into the other, till the body be exactly

counterpoised. Remove it, and substitute known weights till they be nearly

equal to the weight of the body. Turn round the torsion key till the beam be

brought to a horizontal position, and note the degree of torsion.

Put a grain into the scale, and observe the additional number of degrees of

torsion necessary to bring the beam to its horizontal position
; and we thus

get the fraction of a grain which the body exceeds the known weights em-

ployed. If for example the body weighed nearly 100 grains, and it required a

torsion of 50 degrees to raise the scale when 99 grains had been put into it

after the body had been removed, and also that the thread required an additi-

onal torsion of 1000 when one grain had been placed in the same scale, then

the weight of the body will be 99^ or 99.05 grains.

8. It is of course necessary to prevent the agitation of the air acting on

the balance and its scales, and therefore the whole may be inclosed in a box

as in the common balance. It is not necessary, however, to inclose the glass

thread and the divided circle, and therefore the thread may be made to pass

through a hole in the back of the box, and removed when the balance is not in

use. It is useful to have a number of threads of glass of different degrees of
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fineness, having small brass tubes cemented on their ends for the purpose of

attaching them to the fulcrum and torsion key.

The method now described may appear somewhat tedious, but it is only so

in appearance, as the oscillations do not continue so long as in a delicate

balance without the torsion thread. In some delicate experiments with this

balance, I have used threads of glass about ten feet long, so that in raising a

weight of one grain, the glass thread suffered a torsion of at least 5000 degrees.

Hence a very small fraction of a grain may be determined with an extraordi-

nary degree of accuracy. From the perfect elasticity of torsion which glass

possesses, and from the ease with which threads of any length and fineness

may be procured, I am fully convinced that, for all delicate investigations

connected with torsion balances, threads of this substance will be found to

possess decided advantages.
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XVII. Memoir on the occurrence of Iodine and Bromine in certain Mineral

Waters of South Britain. By Charles Daubeny, M.D. F.R.S. Professor of

Chemistry in the University of Oxford.

Read May 6, 1830.

XHE discovery in sea-water of iodine and bromine, two principles which,

although in minute proportions, are said to be generally diffused throughout

the present ocean, naturally suggested the inquiry, as to whether these same

ingredients might not be found to exist in springs occurring in inland situa-

tions when containing a similar saline impregnation. This accordingly has

been already determined by Stromeyer, Liebig, and others, to be the case in

many of the brine-springs of Germany, France, and Italy ; but at the time

my attention was first directed to the subject, I was unacquainted with any

trials of the kind having been instituted with reference to those of this country,

except by Professor Turner of the London University, regarding the presence

of iodine in the mineral waters of Scotland ; in only one of which, that of

Bonnington near Leith, he appears to have detected it. I was therefore induced

in the course of last spring and summer to undertake a pretty extensive survey

of such English springs as are known to contain a considerable proportion of

common salt
; and having succeeded in detecting in several of them traces of

one or both the substances alluded to, I inserted a brief account of the results

obtained, in the Philosophical Magazine and Annals of Philosophy for Sep-

tember last.

An article that has appeared in a subsequent number of the same periodical

work has, however, been the means of drawing my attention to a little work

2 GMDCCCXXX.
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by Mr. Murray, entitled “Experiments on Chemical Philosophy,” which had

not before fallen in my way ; and from this it is clear, that the detection of

iodine in the Gloucester Spa water had been made by that gentleman some

time before I had engaged in the inquiry. I am unable, however, to discover

in his publication, although it bears so late a date as 1828, any thing that can

substantiate the assertion which its author has made in the number of the

Philosophical Magazine and Annals referred to, as to his having anticipated

me in the discovery of iodine in the springs at Cheltenham*, or in that of

bromine in those ol Ingestrie. I consider myself, therefore, still warranted in

claiming as my own the first public announcement of the existence of bromine

in our English springs ;
but I am far from attaching importance to a dis-

covery which had been previously made in so many similar situations abroad,

and would wish it to be understood, that my only pretence for offering to

the Royal Society the present communication, is the circumstance of my
having examined on the spot most of the mineral springs hereafter enumerated,

and having undertaken, wherever it appeared practicable, to obtain an ap-

proximation at least to the proportion which these principles bore to the other

ingredients present, and to estimate their comparative frequency and abun-

dance in the several rock-formations.

To the geologist, the results of such an inquiry may be of interest, as tending

to identify the products of the ancient seas in their most minute particulars

with those of the present ocean : and to the physician it may be an object of

curiosity, to speculate how far the unexplained virtues attributed to certain

mineral waters depend on the presence of these ingredients, the energy of

whose action may perhaps compensate for the minute quantity in which they

are found. I confess, indeed, that with regard to the former of them, Iodine,

we ought to be sceptical as to any medicinal agency that can be exerted by so

small a quantity as a single grain diffused through ten gallons of water, the

largest proportion in which I have ever detected it. But with respect to the

second, Bromine, after considering the statements of its discoverer M. Balard,

as to its highly poisonous operation upon animals, which my own experience

* Mr. Ainsworth, however, one of the editors of the Edinburgh Journal of Natural and Geogra-

phical Science, states, that he had communicated the fact of the existence of iodine in the Cheltenham

waters previously to my announcement of it.
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of the irritating effects of its vapour tends fully to confirm, I cannot view it as

absurd to trace the medical virtues ascribed to such waters as those of Ashby-

de-la-Zouch, to the presence of even so small a quantity as a grain of hydro-

bromate of magnesia (if such be the combination) in each pint of the water

;

and that the proportion would not fall far short of that, my experiments on this

particular spring seem to warrant me in concluding. It is curious at least,

that almost the only two brine-springs, properly so called, which have acquired

any reputation as medicinal agents, that of Kreutznach in the Palatinate, and

that of Ashby-de-la-Zouch in Leicestershire, both should contain a larger pro-

portion than common of this new principle
; and that in either instance that

reputation should have been enjoyed, long before any suspicion as to their

peculiar nature could have been entertained.

The objects I had in view in this inquiry being what are above stated, I

have chosen to classify the springs noticed in the accompanying Table accord-

ing to the geological position of the strata from which they issue
; and under

the head of each have set down the total amount of their saline ingredients

;

the nature and proportion of them as ascertained by former chemists, or,

whenever I could not depend upon the results, by myself
; and the proportion

which the iodine and bromine, where either of these principles existed, bore to

the quantity of water, and likewise to that of the chlorine which the solid

ingredients of the spring might contain. The latter statement has been intro-

duced in order to remove an impression which may have been created in con-

sequence of the detection of iodine, as it is said, even in common pump-water*,

when very large quantities of it were evaporated
;
from which circumstance it

might be inferred, that this principle is not only a constant accompaniment of

common salt, but that its quantity bears a pretty regular ratio to that of the

latter ingredient. Although I have myself evaporated no less than forty-eight

gallons of the Oxford pump-water without finding the slightest trace of iodine

in the last portions, I shall not dispute the truth of the former position, which

might possibly have been borne out, had still larger quantities been operated

upon
'I' ; but that the latter opinion is untenable, will be readily seen from the

* Mr. Cuff, a chemist at Bath, has also detected it in the hot springs of that place, by evaporating

about thirty gallons of the water.

t I am also loth to question the fact (stated on good authority) of the existence of a minute pro-

2 g 2
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accompanying Table, which shows that the proportion of iodine to chlorine

varies in every possible degree, and that the springs most strongly impregnated

with common salt are in some instances those in which I have evaporated the

largest quantity without detecting any trace of iodine. The same remark will

equally apply to bromine
;
so that the general inference seems to be, that

although these two principles may perhaps be never entirely absent where the

muriates occur, yet that their distribution is certainly very unequal, and there-

fore forms a proper subject of scientific research. The quantity in which the

former of these ingredients occurs in mineral waters is commonly so incon-

siderable, that I have been unable to determine it by direct analysis, and have

been therefore obliged to content myself with obtaining an approximation to

its real amount. In the case of one of the Leamington springs, indeed, I em-

ployed the agency of nitrate of silver to precipitate the iodine from the con-

centrated water, and afterwards separated by means of ammonia the chloride

from the iodide of silver obtained. I have reason, however, to believe, from

some comparative experiments, that where the proportion which this latter

ingredient bears to the former one is extremely small, it may be taken up

either wholly or in part by ammonia ; and I therefore contented myself in

other instances with evaporating the water until it began to produce the cha-

racteristic blue or violet tinge with starch and sulphuric acid. This was then

compared with the colour imparted by the same test to a solution of hydrio-

date of potass of known strength
; and the latter, if not of the same shade

already, was brought to it by dilution with a measured quantity of water.

Having thus noted the proportion of iodine in the test liquor with which .the

concentrated solution corresponded, it was easy to calculate what it must have

been in the mineral water itself, by knowing the number of times its original

quantity had been reduced by evaporation previously to the employment of
i

this re-agent.

The sulphates and muriates present in brine-springs do not appear to inter-

fere with the delicacy of this test
;
but where bromine was also present, I have

portion of iodine in sea-water, although I have reduced ten gallons of it, taken from the English

Channel near Cowes, to less than half an ounce, without being able to detect any in the residuum.

There seems reason, however, to infer, from what is stated in the next page, that the starch test can-

not br relied upon to detect very minute quantities of iodine, when a comparatively large proportion

of bromine is present in the same solution.
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seen the liquor, either at the time or shortly after the operation of the re-agent,

assume a pinkish hue, owing, as I suppose, to the reddish tinge of the bromine

given out mixing with the blue colour of the iodide of starch. In stating there-

fore, as I have done in the Table, the proportions of iodine in several of the

wraters, I am far from pretending to offer more than an approximation to the

relative quantity in which it occurs, and am fully aware of the necessity of

more precise experiments, conducted on a different principle, before the points

in question can be considered as satisfactorily determined.

The starch test I find will readily indicate a quantity of iodine not exceeding

one grain to 7 gallons of water, or one 450,000dth part; but as in no case that

has occurred to me the proportion exceeded one grain to 10 or 12 gallons, and

in many appeared scarcely to amount to one- 10th of that quantity, I despaired

of arriving at more accurate results, by adopting any other method that aspired

to greater precision than the one already stated.

In every case in which I have noted that no iodine could be detected, the

water had been concentrated at least as far as to one-30th of its original

quantity without effect
; so that the proportion of this principle, supposing

after all any of it to exist, could not well amount to a grain in 200 gallons.

In some cases, indeed, where the spring was one of weak impregnation, I

have carried the concentration much further, as may be seen in the Llandrin-

dod waters, where no traces of iodine appeared, until they had been reduced

to nearly one-50th of their original volume.

In my trials for bromine, I have in great measure conformed to the directions

of Balard
; first boiling down the water to about a fourth of its original quan-

tity with a portion of quicklime to prevent the bromine from being dissipated

by the heat ;
and then, after filtering the residuum, introducing chlorine as long

as any sensible yellowness was caused by its addition. The water was then

strongly agitated with ether, which collects on the surface, carrying with it

the bromine with which it had combined, and was then poured off into a separate

vessel. [The bromine, immediately upon being thus removed from the water,

was treated with a quantity of a concentrated solution of pure soda sufficient

to render the ether containing it colourless ; the latter alkali being employed

for this purpose in preference to the vegetable one, as I found that bromine

formed with sodium a salt more soluble in alcohol than it did with potassium.]
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Unfortunately, however, the salts which are contained in or deposited from

the ethereal solution after the addition of the soda, appear to be of a very

mixed description, consisting not only of the hydrobromate and bromate of

soda, but also of the muriate and chlorate, together with a little uncombined

alkali, if the proportion of the sodium to the bromine is not very nicely ad-

justed. I therefore began by heating the whole product sufficiently to convert

the bromate of soda into the bromide, and the chlorate into the chloride, of

sodium ; and afterwards, in order to ensure the union of any alkali which

may have been in excess with carbonic acid, I dissolved the whole in water

impregnated with that gas. The solution was then brought to dryness, and

strong alcohol added to separate the bromide of sodium as much as possible

from the other ingredients ; after which, the alcoholic solution, having been

evaporated, was re-dissolved in water, and nitrate of silver added to it in order

to form the insoluble bromide of silver, the weight of which, when dried and

melted, would determine that of the bromine present, every 100 grains

according to M. Balard indicating 41.1 of this principle.

From the weight of the precipitate, however, I felt myself obliged to make

a large deduction, in proportion to the quantity of alcohol employed, for the

chloride of sodium at the same time taken up ; having ascertained by a pre-

vious experiment how much common salt a given quantity of this menstruum

could dissolve. The latter part of the process, however, being liable to some

uncertainty, I should have preferred, had my engagements permitted, re-exa-

mining the waters on the spot, and operating on such quantities of them as

would have enabled me to extract appreciable quantities of bromine. This

indeed I have done in the case of the Middlewich water, but not with sufficient

attention to the quantities employed and obtained, to enable me to calculate

in this manner the exact proportions between them : with regard to the other

springs, the quantity of water which I could conveniently transport to my
laboratory was not such as to enable me to pursue with much hope of success

this particular method. It is therefore with diffidence that I offer provisionally

the statements given in the Table, as an approximation to the relative quan-

tities of bromine existing in some of our English springs, calculated according

to the scheme of analysis above stated; and shall hope at some future and

not very distant period to obtain results more worthy of reliance, should my



IN CERTAIN MINERAL WATERS OF SOUTH BRITAIN. 229

farther labours on this subject not be rendered in the mean time unnecessary

by the investigations of some other chemist. In cases where the quantity of

this principle appeared to be less considerable, as in the Leamington, Chel-

tenham, and Gloucester waters, I have contented myself with guessing at its

proportion by concentrating the water until it assumed a decidedly yellow

tinge with chlorine, noting what proportion of bromine in water produced a

colour of equal intensity.

The earliest of the rock-formations in this country that come under our con-

sideration with reference to the present inquiry, is the greywacke slate of

North Wales, which in the neighbourhood of Bualt in Radnorshire gives out

springs containing a notable proportion of common salt. Those of Llandrindod

have long enjoyed some reputation as medicinal agents, but their composition

does not appear to have been correctly ascertained ; for the most modern

analysis I have seen* assigns to them a considerable proportion of muriate of

magnesia, of which I find scarcely a trace. The more newly discovered springs

at Bualt itself, though less celebrated, are similar in point of constitution
;

and being double the strength of those of Llandrindod, ought to possess

superior medical virtues. At both places are waters which differ from the rest

in containing an unimportant impregnation of sulphuretted hydrogen, but in

other respects correspond.

Many of our coal-pits emit streams of salt water ; but the most remarkable

spring of the kind is that already noticed, of Ashby-de-la-Zouch in Leicester-

shire, which for the last few years, especially since the erection of the baths,

which are now so great an ornament to the spot, has acquired a certain local

reputation in the cure of diseases. Previously to the discovery of bromine, of

which I detected in this water an appreciable quantity. Dr. Thomson of Glas-

gow had examined its composition ;
and I have therefore been satisfied with

adhering to the results of his analysis, which is stated in the Table.

The most important, however, of the salt-springs that we meet with in this

country are those in the new red sandstone formation of Cheshire ; for an

analysis of which I may refer to a paper of Dr. Henry’s, published in the

Transactions of this Society. In this instance, also, I have adopted the state-

ments of another, merely making a proportionate deduction from the amount

* Analysis of the Llandrindod Waters; by Mr. Williams, Surgeon, 1819.
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of the ingredients given by that able chemist, in consequence of the weaker

impregnation of the samples of water I employed, than of those on which he

appears to have operated.

It will be seen by reference to the Table, that all the brine-springs of that

district contain bromine, and most of them iodine ; indeed it is probable that if

I had had time to concentrate larger quantities of the water, the latter would

have been detected throughout. It may be remarked, however, that the rock-

salt of Northwich in Cheshire contains no trace of either principle ; a circum-

stance explicable from the more deliquescent nature of the hydriodic and

hydrobromic salts, which would cause them, together with the earthy muriates,

to remain in the mother-liquor after the common salt had crystallized, and thus

to become distributed through the substance of the marly beds afterwards

formed over the rock-salt, from which the brine-springs appear to derive their

saline impregnation.

There is a blue variety of rock-salt met with at Ischel near Saltzburg, which,

from the resemblance between its colouring matter and that of the compound

of starch and iodine, might be suspected to contain this latter principle united

with some kind of vegetable matter. I have been unable to obtain a specimen

deeply enough tinged with the colouring matter alluded to, to set the question

completely at rest ; but on dissolving a portion of the blue salt, which I obtained

through the kindness of Mr. Heuland, in water, not the slightest tinge appeared

to be communicated to the solution, neither did any blueness appear on re-cry-

stallizing the salt. The specimen alluded to gave no indications of iodine when

tested with starch in the usual manner, and was nearly pure from admixture

with foreign ingredients, although it appeared to contain a trace of sulphuric

acid and of lime. At present, therefore, I am inclined to attribute the colour

rather to some peculiar arrangement of the particles of the common salt itself,

than to the presence of any other ingredient.

The springs containing purgative salts, which arise from the lias clay in

various places along its whole range from Leamington to Gloucester, appear

to be derived from the same source as the brine-springs of Cheshire and Wor-

cestershire above alluded to ; but their saline contents have been modified by

the sulphuric acid generated by the decomposition of the sulphuret of iron

present in the stratum from which they immediately proceed. Hence the pro-
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portion of earthy muriates is usually greater in them than in the brine-springs

properly so called
; because the muriatic acid disengaged by the action of the

sulphuric acid upon the common salt has dissolved a fresh quantity of lime or

magnesia from the surrounding materials of the rock.

If such be the origin of the sulphates of soda and magnesia which impart to

these waters their aperient quality, it would be natural to expect that they

should be found in greater abundance on the first discovery of the spring than

after it has been long drawn upon ; and hence, perhaps, the remarkable dis-

crepancy between the results of my examination of the Gloucester and some

other waters, and those given on the authority of former chemists, may be

explained, without impeaching the accuracy of either.

It will be seen by reference to the Table, that I have represented the ingre-

dients of the Leamington waters on the authority of Dr. Thomson, as stated

by Dr. Loudon in his Practical Dissertation* on these springs ; and those of

Cheltenham, with the exception of one lately discovered at Pittville, on that

of Dr. Scudamore. The springs of Tewkesbury and Gloucester I have myself

examined ; there being of the former no analysis at all, and of the latter only

one by Mr. Accum, which I had reason to believe, what I in fact found, quite

inapplicable to its present composition. The spring which goes by the name of

the Chalybeate Saline is at present destitute of iron, which I am assured it

formerly possessed, whilst the Sulphureous contains no trace of sulphuretted

hydrogen. These two springs, which at present appear almost identical, are

the ones most strongly impregnated with purgative salts, and therefore ap-

proximate more nearly to the character of that analysed by Mr. Accum,

according to his representation, than either of those termed “ the pure saline,”

which he professed to have examined. Many of these springs it will be seen

contain traces of bromine and iodine
; but they seem to be less common in the

aperient waters which are occasionally met with in the chalk and tertiary dis-

tricts of this country
; for I have examined three—those, namely, of Epsom, of

Chad’s Well in Gray’s-Inn Lane, and of St. Leonard’s Hill near Windsor,

without discovering traces of iodine in any one. In the Epsom water alone a

slight trace of bromine was perceptible.

With regard to the state of combination in which these principles occur, I

* Leamington, 1828 .

2 HMDCCCXXX.
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have only to observe, that they are no doubt combined with hydrogen, forming

the hvdriodic and hydrobromic acids, and neutralized in all probability by

magnesia, both forming with this basis salts decomposable at a low tempera-

ture, which seems to be the case with the compounds of both bromine and

iodine existing in the waters I have examined. Even long continued boiling,

there is reason to believe, diminishes the quantity of bromine originally present

;

and hence it seems advisable, when the object is to estimate the whole of

this principle which a mineral water may contain, to combine the hydrobromic

acid with lime, in the manner which I have recommended to be done when

speaking of the mode of separating bromine from its combination.

I may conclude by observing, that there is little question as to the possibi-

lity of procuring a sufficient supply of bromine from our English brine-springs,

should a demand be created for this new substance, either for medical pur-

poses or for the arts of life ; for, from a few rough trials of its comparative

abundance in the Middlewich and Ashby springs, and in those of Kreutznach

in the Palatinate, which affords, it is said, the principal supply for present con-

sumption, I should regard our own quite as highly charged : neither can it be

doubted but that the proportion of bromine present in many brine-springs ex-

ceeds considerably that contained in the present ocean, which, from experiments

recently made by myself on water taken from the English Channel a short

distance from Cowes, I have stated in the Table as existing in the proportion

of one grain to the gallon.
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Table comprehending a List of certain Springs in South Britain, which con-

tain Common Salt in considerable quantity.

2 h 2
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Table comprehending a List of certain Springs in South Britain, which contain'

the other Ingre;

Geological Position. 1 locality of the Spring. Name of the Spring.

Total of its

Saline Con-
tents in the

Pint.

Transition Slates.]Jandrindod, Rad-

1

norshire.

No. 1. The Pure

Saline.

31.35 Gr. £

Ditto 'Jo. 2. The Chaly-

beate Saline.

Nearly as

No. 1.

13ualt, Radnorshire. No. 1. The Saline. 77-6 Gr.

Ditto No.2. Sulphuretted

Saline.

Nearly as

No. 1.

Ditto No. 3. The Chaly-

beate Saline.

Nearly as

No. 1.

Coal Formation. Ashby-de-la-Zouch,

Leicestershire.

The Moira Brine

Spring.

179-88 Gr.

Near Newcastle-

upon-Tyne.

The Walker Col-

liery Brine Spring.

192.0 Gr.

Kingswood, near

Bristol.

The Soundwell Col-

liery Brine Spring.

64.0 Gr.

Northwich,

Cheshire.

Brine Spring. 1696 Gr.

Middlewich,

Cheshire.

Ditto 1824 Gr.

Nantwich,
Cheshire.

Ditto 1760 Gr.

Wheelock,
Cheshire.

Ditto 1440 Gr.

Droitwich, Worces-

tershire.

Ditto 1746 Gr.

Shirleywich, Staf-

fordshire.

Ditto 1552 Gr.

Lias Clay. Leamington, War
wickshire.

No. 1. Robbins’i

Well.

95.948 Gr.

Ditto No. 2. Royal Pumj
Saline Spring.

> 134.749

Ditto No. 3. Smith’s

Pump.
109-992

Ditto No. Wise’s

Pump.
107.396

-

Iodine.

Its proportion to

The Water. The Chlorine.

Grain to 343 Gallons.

None detected.

As 1 to 50.000

—
as that exhibited by

No. 1. Llandrindod.

Asl to 120.000

None detected.

None detected.

None detected.

None detected.

None detected.

None detected.

A trace, probably not

exceeding 1 Grain to

343 Gallons.

1 Grain to about 12

Gallons.

As 1 to

2.650.000

As 1 to 96-000

A trace, apparently not

greater than that in the

Middlewich.

Nc;iri
t

- as 1 to

2.000.000

None detected.

None detected.

1 Grain to about 10

Gallons.

Rather less than in No. 1

A trace, but apparently

not more than a Grain

to 192 Gallons.

Nearly as the preceding

As 1 to 3410

As 1 to about

48.000
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in consideiable quantity
; together with a Statement of the Proportion of this and

a Pint of each.

Bromine.

Its proportion to

Water. The Chlorine.

nated, but a

ct trace.

No. 1.

,
not esti

ited.

,
not esti-

ited.

, not esti-

ited.

i seems to

.68 Grains
.

,
not esti-

ited.

letected.

seems to

..2 Grains.

rains of

1 1 Gallon.

rains of

1 1 Gallon.

not esti-

,ted.

letected.

rains of

) 1 Gallon.

to about

uarts.

; strong as

. 1 .

ace.

ace.

Not estimated

As 1 to 180

As 1 to 6600

As 1 to 860

As 1 to 1275

As 1 to 1720

As 1 to 430

Chlorides of

Calcium.

6.6

Ingredi

11.2

Ingredi

Ingredi

36.4

2.8

2.5

0.42

0.5

0.45

0.36

Magne-
sium. Sodium.

38.0

23.5

20.902

19.772

18.777

24.75

ents as

A trace

ents ne

ents as

3.72

2.8

1.27

1.37

1.32

1.1

A trace

22.0

8.468

12.365

2.121

22.592

No. 1. ex

66.4

arly as N

No. 1. ex

133.0

186.0

58.5

1667-0

1793

1730

1415

1691

1490

35.35

67-78

47.865

26.61

Sulphates of

Lime.

cept th

o. 1.

cept th

4.24

Mag-
nesia. Soda.

at it co

25.5

27.35

26.5

22.0

at it co

ntains

Per-
oxide

Iron

ntains

2.52

3.0

0.6

A trace

40.25

28.619 A trace

32.744 0.956

40.234 A trace

39.457 A trace

Carbonates or

other Salts.

Authority on
which the State

ment of the Saline

Ingredients is

given.

Insoluble mat-
ter I.696

Insoluble mat-
ter 1.3

Insoluble mat-
ter 1.76

Insoluble mat-

ter 1.44

Daubeny.

Daubeny.

Daubeny.

Daubeny.

Daubeny.

Thomson.

Daubeny.

Daubeny.

Henry.

Henry.

Henry.

Henry.

Daubeny.

Daubeny.

Thomson.

Thomson.

Thomson.

Thomson.
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Geological Position. Locality of the Spring. Name of the Spring.

Total of its

Saline Con-
tents in the

Pint.

Iodine.

Its proportion

The Water.

to

The Chlorine.

Lias Clay. Leamington,
Warwickshire.

No.5. Smart’s Sa-

line.

92.589 Nearly as the two pre-

ceding.

Ditto No. 6. Lord Ayles-

ford’s.

113.995 None detected.

Ditto No. 7- Reid’s Sul-

phureous.
79-142 None detected.

Ditto* No. 8. Reid’s Sa-

line.

102.597 None detected.

Gloucester. No. 1. Sulphureous
Saline.

84.2 About 1 Grain to 50
Gallons.

As 1 to 12.000

Ditto No. 2. Chalybeate

Saline.

In all respe cts agrees with No. 1 in point of cora

Ditto No. 3. Strong Sa-

line.

76.5 About 1 Grain to 96
Gallons.

As 1 to 33.000

Ditto No. 4. Weak Saline. 75.22 Nearly as No. 3. —
Tewksbury. The Walton Spring. 46.1 About 1 Grain to 36

Gallons.

As 1 to 6690

Cheltenham. Pittville, No. 1.

“The Pure Saline.”

45.8 None detected.

Ditto Sherborne, No. 4. 84.44 About 1 Grain to 90
Gallons.

As 1 to 33.000

Ditto Thomson’s, No. 4. 80.13 About 1 Grain to 30
Gallons.

As 1 to 3600

Ditto Old Well, No. 1. 81.51 About 1 Grain to 60
Gallons.

As 1 to 19.000

Ditto* Thomson’s, No. 2. 52.29 None detected.
1

Oolitic Strata. Melksham, Wilt-

shire.

The Saline Spring. 107.42 None detected.

Chalk Formation. Epsom, Surry. The Saline Spring. 33.2 None detected.

Tertiary Rocks. Windsor. St. Leonard’s Hill

Spring.

None detected. —
Gray’s Inn Lane,

London.
Chad’s Well. None detected.

Present Ocean. Off Portsmouth. None detected.

* In none of the remaining Cheltenham or Leamington Springs could I satisfy myself of the exist-

ence of either iodine or bromine.
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XVIII .—Experiments to determine the difference in the Number of Vibrations

made by an Invariable Pendulum in the Royal Observatories of Greenwich

and Altona. By Captain Edward Sabine of the Royal Artillery, Secretary

to the Royal Society.

Read March 25th, 1830.

The invariable pendulum No. 12, with which these experiments were made,

was vibrated in the Royal Observatory at Greenwich in July 1828 ; in the

Royal Observatory at Altona in September and October of the same year ;

and again at the Royal Observatory at Greenwich in August 1829. The mean

of the results obtained at Greenwich, in July 1828 and in August 1829, give

the rate of this pendulum at Greenwich, to be compared with its rate obtained

at Altona.

The experiments in July 1828 have been already printed in the Phil. Trans,

for 1829, Part I. pp. 100-102 ; the result was as follows :

Therm. Barom. Vibrations in Vacuo at 61°.5.

61.50 . . . 29.446 . . . 85970.00

In the experiments in August 1829 (Table A), the same barometer, thermo-

meter, planes, and fixed support were used as in the preceding experiments.

The rate of Graham’s clock employed in observing coincidences was supplied

by Mr. Thomas Glanville Taylor by daily comparison with the Greenwich

transit clock. The following is an abstract of the results in Table A.

2 £MDCCCXXX.
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Greenwich, August 1829 ; Experiments with Pendulum 12.

Aug. 8

Therm.

. 63.87 • •

Barom.

30.102 62.5 .

Vibrations.

. 85959.22 . .

Corrected to 63.53.

85959.37

8 . 65.53 . . 30.072 64.5 . . 85958.41 . . 85959.29

9 . 62.50 . . 29.988 62.0 . . 85959.76 . . 85959.31

9 . 64.45 . . 29.951 65.0 . . 85959.24 . . 85959.64

9 . 64.95 . . 29.908 66.5 . . 85959.04 . . 85959.66

10 . 62.90 . . 29.806 62.0 . . 85959.63 . . 85959.35

10 . 63.55 . . 29.829 63.5 . . 85959.29 . . 85959.30

11 . 61.50 . . 30.020 60.0 . . 85960.27 • • 85959.38

11 . 62.50 . . 30.047 62.0 . . 85959.79 . . 85959.34

63.53 29.970 63.0 85959.404

— .090 red", to 32°. Red", for 29.9 in.

+ .019 capillary. of air at 63 .5 |
+ 9.926

29.900 at 32°. Mean 85969.33

The two results then at Greenwich are as follows :

July 1828 . 61.50
Vibrations.

. 85970.00 . Corrected to 62.5=
Vibrations.

85969.56

August 1829 . 63.53 . 85969.33 . Corrected to 62.5= 85969.78

62.5 Mean 85969.67

In Altona the pendulum is vibrated in an apartment on the ground floor of

M. Schumacher’s house, appropriated to pendulum experiments. The door of

this apartment is double, and the windows are double sashed, for the purpose

of preserving an uniform temperature : a strong mahogany plank is fixed

securely to the wall. The agate planes were screwed on it, and the telescope

for observing coincidences was stationed in an aperture made for the purpose

in the wall opposite to the pendulum, so that the coincidences were observed

without entering the room. The clock for observing coincidences, with which

M. Schumacher was so kind as to supply me, was Breguet, No. 3405, the ad-

mirable going of which during five centuries has recently been published. The
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rate of this clock during the experiments was furnished by Lieut. Nehus of the

Royal Danish Engineers, assistant to M. Schumacher in the Trigonometrical

Survey of Denmark ; who for that purpose compared it daily with the transit

clock of the Altona Observatory at those hours which were not suitable for

giving its rate whilst the pendulum was in vibration. The heights of the ba-

rometer were furnished by M. Peterson, assistant in the Observatory, from

M. Schumacher’s standard barometer. The height of the pendulum above the

level of the sea in M. Schumacher’s house was 15.1 toises.

Having an opportunity on this occasion of comparing the thermometer

graduated in 1823 by Mr. Daniell and myself, and employed in the present

experiments, as well as in all the former determinations which I have made

with invariable pendulums, with a standard thermometer presented by

M. Bessel to M. Schumacher, I was anxious to avail myself of it ; and M. Schu-

macher with great kindness undertook himself to make the comparison. The

thermometers were compared by immersing the bulbs to the same level in

water warmed very gradually in a chronometer stove by means of a small night

lamp, and suffered again to cool
;
the thermometers being compared both in

the ascending and descending temperatures. I copy the following particulars

of the comparison from M. Schumacher’s memorandum.
“ B are the readings of M. Bessel’s thermometer.

E. B. . . are the equations of M. Bessel’s thermometer.

R. T.. . are the real temperatures.

S are the readings of M. Sabine’s thermometer.

E. S. . . are the equations of M. Sabine’s thermometer.

1828. Oct. 20.

h m s. B. E. B. R. T. E. S.

1 38 p.m. . 59.6 . 60.0 . -0.20 . 59.80 . + 0.20

1 43 . 60.0 . 60.5 . -0.20 . 60.30 . + 0.30

2 33 . 65.0 . 65.3 . -0.23 . 65.07 • + 0.07

3 24 . 70.2 . 70.6 . -0.26 . 70.34 . + 0.14

5 0 • 78.7 . 81.1 . -0.32 . 80.78

7 0 . 86.35 . 86.7 . -0.38 . 86.32 . -0.02

9 25 . 91.75 . 92.1 . -0.44 . 91.66 . -0.09

11 47 . 94.60 . 95.3 . -0.47 . 94.83 . + 0.23

2 i 2
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Oct . 21 .

h m s. B . E . B . R . T. E. S.

7 18 A .M . . 71.1 . 71.4 .
- 0.27 . 71.13 . + 0.03

8 35 . 68.9 . 69.1 .
- 0.25 . 68.85 .

- 0.05

10 23 . 66.0 . 66.3 .
- 0.24 . 66.06 . + 0.06

11 5 . 65.25 . 65.5 .
- 0.23 . 65.27 . + 0.02

1 10 P .M . . 63.1 . 63.4 .
- 0.22 . 63.18 . + 0.08

3 47 . 61.1 . 61.3 .
- 0.21 . 61.09 .

- 0.01

4 03 . 61.0 . 61.2 .
- 0.21 . 60.99 o©1

4 22 . 60.75 . 61.0 .
- 0.21 . 60.79 . + 0.04

Oct . 22 .

6 38 A .M . . 56.15 . 56.3 . — 0.18 . 56.12 .
- 0.03

7 53 . 55.8 . 56.1 .
- 0.18 . 55.92 . +0.12

8 20 . 55.7 . 56.0 .
- 0.18 . 55.82 . +0.12

10 40 . 55.5 . 55.7 •
- 0.18 . 55.52 . +0.02

1

1

13 . 55.4 . 55.6 .
- 0.18 . 55.42 . +0.02

3 55 p.m. . 56.25 . 56.55 .
- 0.18 . 55.37 . +0.12

The freezing point was found quite correct in pounded melting ice.”

On examining the particulars of this comparison, it may be fairly inferred

that between the limits compared, that is, between the temperatures of 55° and

00°, the indications of the two thermometers agree every where to less than a

tenth of a degree ;
this agreement is the more satisfactory as it includes a part

of the scale of my thermometer, in which the graduation by Mr. Daniell and

myself differed a whole degree from the original graduation of the maker. It

is probable that M. Bessel’s thermometer indicates temperatures more often

higher than mine, by a few hundredths of a degree, than lower by the same

small quantities ;
hundredths of a degree are, however, quantities to be spoken

of with much confidence, and may safely be neglected on the present occasion.

The experiments with the pendulum at Altona are given in Table B ; and

the following is an abstract of the results.
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Altona ; September and October 1828. Experiments with Pendulum 12.

Therm. Barom. Vibrations. Corrected to 58.32.

Sept. 20 . . 60.93 . . 30.267 . . 85968.46 . 85969.61

20 . . 60.95 . . 30.267 . . 85968.47 • 85969.63

20 . . 60.52 . . 30.243 . . 85968.54 . 85969.51

20 . . 60.42 . . 30.219 . . 85968.54 • 85969.46

21 . . 59.63 . . 30.139 . . 85968.91 . 85969.49

21 . . 60.10 . . 30.135 . . 85968.74 • 85969.52

21 . . 60.33 . . 30.115 . .. 85968.81 • 85969.69

22 . . 60.55 . . 29.855 . . 85968.64 • 85969.62

22 . . 60.60 . . 29.873 . . 85968.67 . 85969.67

23 . . 60.71 . . 29.994 . . 85968.73 • 85969.78

Oct. 1 . . 60.17 • • 29.566 . . 85969.16 • 85969.97

1 . . 60.30 . . 29.578 . . 85969.17 • 85970.04

2 . . 60.35 . . 29.688 . . 85969.18 . 85970.07

2 . . 60.02 . . 29.688 . . 85969.29 • 85970.04

3 . . 59.40 . . 29.976 . . 85969.45 . 85969.93

4 . . 58.55 . . 29.913 . . 85969.62 • 85969.72

8 . . 57.50 . . 29.381 . . 85970.19 • 85969.83

8 . . 56.70 . . 29.433 . . 85970.49 . 85969.78

15 . . 55.05 . . 30.030 . . 85971.25 . 85969.81

15 . . 54.60 . . 30.030 . . 85971.35 . 85969.71

21 . . 53.70 . . 30.195 . . 85971.89 . 85969.86

22 . . 54.03 . . 30.041 . . 85971.74 • 85969.86

23 . . 55.02 . . 30.041 . . 85971.29 . 85969.84

23 . . 55.40 . . 29.835 . . 85971.10 . 85969.82

24 . . 55.40 . . 29.982 . . 85971.20 . 85969.92

24 . . 55.43 . . 29.982 . . 85971.20 • • 85969.93

58.32 29.941 85969.77 85969.77

Redn
. for 29.94 inches of air at 58.32 + 10.07

85979.84
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The rate at Greenwich, with which this rate at Altona is to be compared, is

851)69.67 vibrations at G2°.5. Reducing both these rates to a mean tempera-

ture of 60°, in the proportion of 0.44 vibration to one degree of Fahrenheit,

they become respectively 85979.77 at Greenwich, and 85979.10 at Altona:

w hence we have an acceleration at Altona of 8.33 vibrations per diem.

Table A.—Vibrations of Pendulum 12 at Greenwich, August 1829; on the

fixed iron support in the Pendulum room. The Barometer employed was the

standard barometer of the Royal Observatory ;
the Thermometer was Cap-

tain Sabine’s standard thermometer ; the Arc was the same that had been

used at Greenwich in July 1828 ;
and at Altona in September and October

1828.

f 20 1

1

Q 1

ExP. 1. August 8 th. Clock making 86309.45 Vibrations. Barom. < r 30.102 in. 62°.5.

No.

of

Coincid. Therm.

Times of

Arc.
Mean
Therm.

Mean
Interval.

Correction

for Arc.

Vibrations in 24
hours.

Disapp. Reapp. Coincidence.

1

33
45

6f.3

66.0

64.3

m s

27 19

m s

27 23
h m s

7 27 21

12 0 0

1 28 29

0.85

0.12
1

63.87

s

492.46

s

+ 0.30 85959-22
28 22 28 36

ExP. 2 . August 8 th. Clock making 86309.73 Vibrations. Barom.
^gg'ooo}

^ 0.072 in. 64<°. 5 .

I

41

64.4

67.1

65.1

m s

37 11

m s

37 17

h m s

1 37 14

3 0 0

7 4 29.5

0.86

0.14

65.53

s

490.89
s

+ 0.31 85958.41
4 14 4 45

Exp. 3. August 9th. Clock making 86309.73 Vibrations. Barom. |o^ '^
73 }

29.988 in. 62°.

1

29

O

61.7

63.3

m s

4 51

54 47

m s

4 57
55 00

h m s

8 4 54
11 54 53.5

0.72

0.20 }
62.5

r

s

492.84
s

+ 0.30 85959-76

Exp. 4. August 9th. Clock making 86309.70 Vibrations. Barom. ( 29.951 in. 65°.
1 /ci/.you 1

1

27

O
1 63.4

1

65.5

m s

3 25

j

36 34

m s

3 30

36 45

h m s

12 3 27.5

3 36 39.5

0.80

0.23 ^
64.45

s

490.0 +0.39 85959.24
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Table A. (Continued.)

ExP. 5. August 9th. Clock making 86309.70 Vibrations. Barom.
-j

29.9301

29.886

J

29.908 in. 66°.5.

No.

of

Coincid. Therm.

Times of

Arc.
Mean
Therm.

Mean
Interval.

Correction

for Arc.

Vibrations in 24
hours.

Disapp. Reapp. Coincidence.

1

31

65.4

64.5

m s

44 57
50 41

m s

45 2

50 58

h m s

3 44 59-5

7 50 49.5

6.82

0.22 j
64.95 491.67

s

+ 0.43 85959.04

ExP. 6 . August 10 th. Clock making 86309.70 Vibrations. Barom. <
r 29.804-1

29.808
- 29.806 in. 62°.

1

39
62.8

63.0

m s

37 17

49 12

m s

37 24

49 26

h m s

7 37 20.5

12 49 19

6.91

0.18 I
62.9

S

492.59
s

+ 0.38 85959-63

ExP. 7* August 10 th. Clock making 86309.75 Vibrations. Barom. <
f 29.8081

29.850 J

> 29.829 in. 63°.5.

1

44
63.2

63.9

m s

57 49
50 19

m s

57 53
50 48

h m s

12 57 51

6 50 33.5

6.84

0.12 |
63.55

s

492.15
s

+ 0.29 85959.29

ExP. 8. August 11th. Clock making 86309.75 Vibrations. Barom.-
'30.000'

1
30.040 j>

30.020 in. 60°.

1

36
61.0

62.0

m s

21 51

9 31

m s

21 55

9 45

h m s

8 21 53

1 9 38
6.97

0.19 j
61.5

s

493.29 + 0.47 85960.27

ExP. 9. August 11th. Clock making 86309.75 Vibrations. Barom. f 30.040'

[30.053 \
30.047 in. 62°.

1

42

o
62.4

62.6

m s

18 19
54 52

m s

18 25

55 28

h m s

1 18 22
6 55 10

6.84

0.12 |
62.5

s

492.88
s

+ 0.29 85959.79

j
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Table B.

—

Vibrations of Pendulum 12 at Altona; September 1828.

Exp. 1 ,2, 3, 4. September 20th. Clock making 86436.48 Vibrations.

No.

of

1

Coincid. Therm.

Times of

Arc.
Mean
Therm.

Mean
Interval.

Correc-

tion for

Arc.

Vibrations

in 24
Hours.

Barom.
Disapp. lleapp. Coincidence.

1

0

3

24

50
51

52

1

0

3

27

1

o

3

38

39
40

60.5

60.9

61.0

61.1

61.1

60.8

60.8

Fre

60.7

60.8

60.3

Fre
60.8

60.8

60.0

60.1

m s

43 43

49 52
56 2

m s

43 49

49 58

56 5

"| h m s

> 9 49 55.33

11

12 5 17
1

|> 2 51 28.67

3 16 37.17

5 50 27.5

j* 7 53 9.17

j>ll 40 50.83

0.51

5

0.250

0.100

0.560

0.210

0.575

0.165

j>6°0.93

^•60.95

j>60.52

|.60.42

369-17

369-32

369.25

369-25

s

+ 0.24

+ 0.05

+ 0.22

+ 0.20

85968.46

85968.47

85968.54

85968.54

30.267 6°1

30.267 61

30.243 61

30.219 60

5 13 5 21

45 4

51 13

57 21

sh impu
10 25
16 33
22 42

50 12

sh impu
46 55

53 5

59 14

34 32
40 40

46 49

45 35
51 45

57 54
lse.

10 29
16 39
22 49
50 43
lse.

47 5

53 14

59 22
34 52
41 1

47 11

Exp. 3, 6,7 . September 21st. Clock making 86436.75 Vibrations.

O m s m s h m s O
1 c

S S

1 59-3 15 21 15 28 7 15 24.5 0.570
f59-63 369.275 + 0.29 85968.91 30.139 6°1

26 59-8 18 22 18 38 9 18 30.5 0.290 <

39 60.4 9 11 9 24 11 9 17.5 0.160 L 60.10 369-306 + 0.08 85968.74 30.135 61

Fresh impulse.
•*

1 60.4 33 38 33 42 11 33 40 0.510
1

60.4 1 0 0 >60.33 369.292 + 0.17 85968.81 30.115 61

37 60.2 15 4 15 25 3 15 14.5 0.160

Exp. 8 aild 9. September 22nd. Clock making 86436.66 Vibrations.

m s m s

1 59.5 40 41 40 47 h m s O

O 46 50 46 56 > 9 46 53 0.535 )

3 60.0 52 59 53 5 J S s

29-855 do60.9 11 14
*

>60.55 369-216 + 0.18 85968.64

38 61.0 28 18 28 31 1 I

39 34 26 34 43 > 1 34 34 0.160 J
40 61.0 40 35 40 51 J

' Fresh impulse.

1 61.0 46 36 46 40 ")

o 52 1:. 52 50 > 1 52 47.33 0.595
]

3 58 54 58 59 J
60.6 3 50 >60.60 369-246 + 0.17 85968.67 29-873 60

45 17 13 17 35 1
46 23 27 23 41 > 6 23 34.17 0.120 -

47 60.2 29 30 29 59 J
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Table B. (Continued.)
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Table B. (Continued.)

Exp. 16. October 4th. Clock making 864-37.43 Vibrations.

No.

of

Coincid. Tlierm.

Times of

Arc. Mean
Therm.

Mean
Interval.

Correc-

tion for

Arc.

Vibrations

in 24
Hours.

Barom.
Disapp. Reapp. Coincidence.

1

36

37
38

58.55

58.55

m s

38 55
14 12

20 22
26 32

m s

38 59
14 52
20 43

26 54

h m s

10 38 57

”]> 2 20 32.5

J

0.6-70

0.200
y>

58.55

s

369-32
s

+ 0.28 85969-62 29-913

ExP. 1/. October Sth. Clock making 86437.51 Vibrations.

1

39
40
41

5°7.6

57-4

m s

44 44

38 48
44 57
51 7

m s

44 50

39 7

45 17

51 27

h m s

2 44 47

j>
6 45 7-17

0.580

0.160
j>5°7-5 369-75

s

+ 0.20 85970.19 29-381

Exp. 18. October 9th. Clock making 86437.51 Vibrations.

O m S m s h m s

1 56.8 54 14 54 19 9 54 16.5 0.535 1 o S s

34 17 40 17 54
1

>56.7 370.014 + 0.19 85970.49 29.433
35 56.6 23 50 24 5 > 1 23 57 0.180 J
36 30 1 30 12 J

Exp. 19 and 20. October 15th. Clock making 86437.67 Vibrations.

m s m s

1 12 13 12 16 "] h m s

2 55.2 18 23 18 27 > 1 18 24.67 0.60
1 o s s

3 24 33 24 36 J >55.05 370.44 + 0.26 85971-25

28 54.9 58 49 59 3 3 58 56 0.23 J
Fresh impulse.

1 54.9 23 45 23 49 4 23 47 0.58 1
35 53 .38 ) >54.6 370.57 + 0.21 85971-35

36 54.3 59 47 0 7 > 7 59 56.83 0.19

37 5 56 6 18 J

30.030

30.030

Exp. 21. October 21st. Clock making 86437.62 Vibrations.

54.0

53.4

m s m s h m s

31 3 31 8 12 31 5.5 0.59

7 20 7 44 4 7 32 0.18
53.7 371.04 + 0.21 85971.89 30.195

Ex P. 22. October 22nd. Clock making 86437.56 Vibrations.

m t m 9 h m s

1 53.9 29 15 29 17 11 29 16 0.63

64.0 12 30

39 24 0 24 22
1

40 54.2 30 13 30 34 > 3 30 22.67 0.18

41 36 22 36 45 J

-54.03 370-94

s

+ 0.24 85971-74 30.041
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Table B. (Continued.)

ExP. 23 and 24. October 23rd. Clock making 86437.34 Vibrations.

o
Therm.

Times of

Arc.
Mean Mean

Correc-

tion for

Arc.

Vibrations

5§-i
Disapp. Reapp. Coincidence.

Therm. Interval.
Hours.

1

o
54.4

55.1

m s

39 51

m s

39 56
h

9
10

m s

39 53.5

40
0.60

1. s s

85971.29
55.3

55.3

Fre

55.3

55.5

11 50
>55.025 370.76 + 0.23

35

1

19

9 50
sh impi

16 28

7 34

10 9
lse.

16 32

7 44

1

1

3

9 59-5

16 30

7 39

0.19

0.61

0.32

J

|
55.4 370.50 + 0.34 85971-10

Barom.

30.041

29.835

ExP. 25 and 26. October 24th. Clock making 86437.45 Vibrations.

0.60

0.20 |
55.4

S

370.59

s

+ 0.24 85971.20 29-982

0.61

>55.43 370.57 +0.26 85971.20 29-982

0.22 J

1

33

1

28

55.4

55.4

m s

25 12

42 45

m s

25 16

43 1

55.4

55.5

55.4

Fresh impulse.

49 50

36 25

49 52

36 48

h m s

10 25 14

1 42 53

1 49 51

4

4 36 36.5

2 K 2
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XIX. Experiments to ascertain the Correction for Variations of Temperature,

within the limits of the natural temperature of the Climate of the South of

England, of the Invariable Pendulum recently employed by British observers.

By Captain Edward Sabine of the Royal Artillery, Secretary to the Royal

Society.

Read March 25th, 1830.

Having obtained the rate of the invariable pendulum. No. 12, in the Royal

Observatory at Greenwich at the temperature of 63°.53 in the month of

August 1829, as given in the preceding paper, the pendulum was laid aside

until the cold weather of the winter season had set in, when the observations

detailed in Table C were made with it, at the mean temperature of 31°. 15 ;

the results of which are exhibited in the following abstract

:

Greenwich, December 1829, and January 1830: Experiments with

Pendulum 12.

Dec. 29
Therm.

28.50 .

Barom.

. 30.212 27.0 . .

Vibrations.

85973.99 . .

Corrected to SI.

85972.82

29 28.55 . . 30.227 27.0 . . 85973.84 . . 85972.70

30 29.30 . . 30.307 28.0 . . 85973.66 . . 85972.85

30 29.65 . . 30.311 28.5 . . 85973.52 . . 85972.86

Jan. 1 31.35 . . 30.497 30.5 . . 85972.82 . . 85972.91

1 32.00 . . 30.472 31.0 . . 85972.33 . . 85972.70

2 31.80 . . 30.371 31.0 . . 85972.46 . . 85972.75

3 33.85 . . 30.285 33.0 . . 85971.78 . . 85972.97

5 35.40 . . 30.149 34.5 . . 85970.94 . . 85972.81

30.315 30 85972.81

31.15 .

-.002 RedB
. to 32°

. +-019 Capillary

Redn
. for 30.33 in.

of air at 31.15 j
+10.77

30.332 at 32° 85983.58 at 31.15
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Comparing- this result with 85969.33 vibrations at the temperature of 63°.53

obtained in August 1829, we have 14.25 vibrations per diem corresponding to

32°.38 of Fahrenheit
; which gives a correction of 0.44 of a vibration per diem

for each degree of Fahrenheit between 30° and 60°.

The experiments which I formerly made with two pendulums similar to the

present, in a chamber artificially heated to between 80° and 90°, gave for the

correction for each degree of Fahrenheit, respectively for the two pendulums,

0.432 and 0.430, corresponding to that part of the thermometer scale which is

included between 45° and 85°. Those results accord well with each other, and

are somewhat different from that which is now obtained, and which correspond

to the part of the scale comprised between 30° and 60°. But in the experiments

in the chamber artificially heated, the fluctuations of temperature, in spite of

every precaution, were considerable, and rendered the determination of the

mean temperature more difficult, and probably less exact than in the natural

temperatures : hence it would be unsafe to conclude in favour of the inference

to which these facts would otherwise lead, that the correction at high tempera-

tures is less than at low temperatures, or that the metal expands a smaller pro-

portion of its length for one degree between 85° and 45°, than for one degree

between 60° and 30°.

The experiments at Greenwich were made in those extremes of natural tem-

perature afforded by the climate, in which a tolerably uniform temperature is

maintained for several days ; a condition requisite in such delicate determina-

tions. The clock by Graham was going well on both occasions, and its rate

was assigned by Mr. Taylor from comparisons with the transit clock of the

Observatory, with probably as much accuracy as the rates of clocks are ever

obtained. The thermometer is entitled, by its comparison with those of Mr.

Daniell and of M. Bessel, to be regarded as one of good authority, having,

in the absence of a standard thermometer in this country, received the sanction

of what must be considered the best existing authorities. Every precaution

was adopted, which the experience I have had in obtaining the rates of pendu-

lums has suggested, for maintaining a uniform temperature in the apartment.

The examination of the partial observations will best show the success of these

precautions. Viewing all these particulars, I regard 0.44 of a vibration per

diem for eacli degree of Fahrenheit as a result obtained under circumstances
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of a very favourable nature, and as not likely to be surpassed in the confidence

which may be due to it, until by a better command of artificial temperatures

the experiments can be made to include, with tolerable certainty of determina-

tion, a greater difference of temperature than is afforded by the natural climate

of this country.

As the many invariable pendulums which have been employed of late years

by British observers have all been made of the same kind of brass, it is pro-

bable that the same correction for temperature will apply equally to all.

When, as in ordinary cases, the differences of temperature between observa-

tions designed to be comparative amount only to a few degrees, the probable

error which may be incurred by employing the correction 0.44 for each degree

as now determined, can only be very inconsiderable : but when the differences

of temperature amount to 50°, which is a case of actual experience in pendulum

observations, the question of whether 0.43 or 0.44, for example, be the more

correct value, involves an uncertainty in the ultimate result of no less than

half a vibration a day. It seems therefore desirable, for the sake of experiments,

which are becoming greatly multiplied, and which are daily increasing in

accuracy, that means should be devised of obtaining the rates of pendulums in

artificial temperatures, embracing a wider range than the natural temperatures,

but capable of being determined with equal accuracy.

Table C.—Vibrations of Pendulum 12 at Greenwich, December 1829, and

January 1830, on the fixed iron support in the Pendulum room. The Baro-

meter employed was the standard barometer of the Royal Observatory
;
the

Thermometer was Captain Sabine’s standard thermometer ;
the Arc was di-

stant 60 inches from the point of suspension, and was divided into degrees,

each of 0.8 of an inch in length
; the registered arc therefore multiplied by

0.764, gives degrees of the true arc of vibration.

ExP. 1. Dec. 29th. Clock making 86552.75 Vibrations. Barom.
|<3 o'gooj'

30.212 27°.

No.

of

Coincid. Therm.

Times of

Registered

Arc.

True
Arc.

Mean
Therm.

Mean
Interval.

Correc-

tion for

Arc.

Vibrations in

24 hours Mean
Solar Time.Reapp. Disapp. Coincidence.

1

53
28.6

28.4

m s

15 37
34 38

m s

15 42
34 54

h m s

1 15 39.5

5 34 46

0.84

0.24

0.64

0.18 |
28.5

s

298.97

s

+ 0.24 85973.99
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Table C. (Continued.)

{

30 220 1

30 234 /
‘^•^27 27°.

<— -3

Therm.

Times of
Registered True Mean Mean

Correc-

tion for

Vibrations in

24 hours Mean

lteapp. Disapp. Coincidence.
Arc. Arc. Therm. Interval.

Arc. Solar Time.

1

55

O

28.5

28.6

m s

40 3

9 1

m s

40 9

9 15

h m s

5 40 6

10 9 8

0°.78

0.19

0.59

0.15 j
28.55

s

298.92

s

+ 0.20 85973.84

Exp. 3. Dec. 30th. Clock making 86552.75 Vibrations. Barom.
^30 300 }

30.307 28°.

l

63

O

29.4

29.2

m s

42 27
51 9

m s

42 32
51 24

h m s

10 42 29.5

3 51 16.5

0.90

0.18

6.67

!

0.14 |
29.30

s

298.82
s

+ 0.22 85973.66

Exp. 4. Dec. 30th. Clock making 8655 2.75 Vibrations. Barom. 30.311 28°.5.

l

78

29°.5

29-8

m s

0 0

23 15

m s

0 5

23 40

h m s

4 0 2.5

10 23 27.5

0.90

0.12

0.67

0.09 J
29.65

s

298.77

S

+ 0.18 85973.52

Exp. 5. Jan. 1st. Clock making 86552.75 Vibrations. Barom.
^39 4,30 1

30.497 30°.5.

1

2

O
31.0

m s

17 37

22 34

m s

17 40

22 39

h m s

. 11 20 7-5 0.98 0.75

"l3°1.35

S

298.36
s

+ 0.26 85972.82
62 20 52 21 4

. 4 23 27.25 0.18 0.14
63 31.7 25 51 26 2 J

Exp. 6. Jan. 1st Clock making 86552.75 Vibrations.
soles} 30472 3I °-

l

74

32.0

32.0

m s

40 50

43 29

m s

40 53

43 43

h m s

4 40 51.5

10 43 36

0.86

0.13

0.64

0.10 j 32.0

I

7

S

298.14 + 0

S

.17 85972.33

Exp. 7- Jan. 2nd. Clock making 86552.75 Vibrations. Barom
- { 30 .865 }

30 -371 31 °-

]

76

31°.

6

32.0

m s

37 24
50 1

m s

37 27
50 15

h m s

11 37 25.5

5 50 8

O

1.01

0.13

O

0.77

0.10 j
3°1 .8

s

298.17

S

+ 0.24 85972.46
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Table C. (Continued.)

Exp. 8. Jan. 3rd. Clock making 86552.75 Vibrations. Barom. |go'o 7o^
30.285 33°

No.

of

I

Coincid. Therm.

Times of
Registered

Arc.

True
Arc.

Mean
Therm.

Mean
Interval.

Correc-

tion for

Arc.

Vibrations in

24 hours Mean
Solar Time.Reapp. Disapp. Coincidence.

1

78

33.8

33.9

m s

13 27
35 38

m s

13 35

35 54

h m s

2 13 31

8 35 46

0.92

0.11

0.68

0.08 j
33.85

s

297.86

s

-f 0.18 85971.78

Exp. 9. Jan. 5th. Clock making 86552.75 Vibrations. Barom. 30.149 34°.5

1

81

0
35.4

35.4

m s

16 25
52 52

m s

16 31

53 11

h m s

2 16 28

8 53 1.5

0.98

.12

0.75

0.08

:

j
35.4

S

297-42
s

+ 0.20 85970.94
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XX. On a new Register-Pyrometer, for measuring the Expansions of Solids, and

determining the higher Degrees of Temperature upon the common thermometric

scale. By J. Frederic Daniell, Esq., F.R.S.

Read June 17, 1830.

In the year 1821 I published in the Journal of the Royal Institution* an ac-

count of a new pyrometer, and the results of some experiments with it, which

were the means of correcting the highly erroneous notions which had, up to

that time, been generally entertained of the degrees of temperature beyond the

boiling point of mercury. The instrument was capable of affording correct

determinations, connected in an unexceptionable manner with the scale of

the mercurial thermometer ; but, although applicable to scientific investiga-

tion in careful hands, it could be inserted only into experimental furnaces of a

particular construction, which greatly limited its use. The great desideratum

still remained of a pyrometer, which might universally be applied to the higher

degrees of heat, as the thermometer has long been to the lower ; and which, in

addition to its use in delicate researches, might effect for the potter, the smelter,

the enameler and others, in the routine of their business, what the latter daily

performs for the brewer, the distiller, the sugar-refiner, and the chemist.

I shall now have the honour of laying before the Royal Society a description

of a contrivance which, I trust, will be found to answer all the desired purposes;

and which, while simple enough to be intrusted to the hands of common work-

men in every variety of fire-place, I hope to prove, by the results of my experi-

ments, to be sufficiently delicate to extend considerably our knowledge of the

expansion of metals, upon which so much labour has been bestowed by some

of the first philosophers.

I was not aware, at the time when I wrote the account above referred to, that

the subject had been previously investigated by M. Guyton de Morveau, and

that he had proposed to apply the expansion of platinum as a measure of high

* Vol. xi. p. 309.

2 L 2
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temperature, and more particularly to the purpose of connecting the indications

of Wedgwood’s pyrometer with the mercurial scale and verifying its regularity.

1 have since carefully studied his laborious papers in the Annales de Chimie *,

and the Memoires de ITnstitut'f-, which appear to have been but very little

known in this country ; and previously to entering upon the more particular

object of the present paper, I must claim indulgence for a few remarks upon

the general state of the inquiry at the time when its pursuit was abandoned by

that able philosopher.

M. Guyton’s pyrometer consisted of a small bar or plate of platinum 45 mil-

limetres (1.77 inch) long, 5 millimetres (about 0.2 inch) broad, and 2 millime-

tres (about 0.08 inch) thick, placed in a groove formed in a piece of highly

baked porcelain. One extremity of this bar rested upon the solid end, which

terminated the groove, and the other pressed upon the short arm of a bent

lever, the longer arm of which terminated in a point and moved on a pivot over

the graduated arc of a circle
; indicating by its motion any lengthening of the

bar by increase of temperature. The short arm of the lever was 2.5 millimetres

and the long arm 50 millimetres in length, and the latter carried a nonius by

which the tenths of a degree might be read off. The whole was constructed of

platinum ; and a plate of the same metal was made to press, in the manner of

a spring, upon the extremity of the index, to prevent any displacement when

withdrawing it from the fire. The description of this instrument in the first

Essay, published in the year 1803, was not accompanied by any explanatory

figure; and the notice in the Annales terminates by announcing that the in-

ventor had at that time only begun “ a series of experiments to determine its

march, to compare it with the pyrometer pieces of Wedgwood, and to ascer-

tain the degree of confidence which might be placed in the indications of the

latter.” The second Essay did not appear till the year 1808, and in it M. Guy-

ton observes that “ many persons had expressed a wish to be made acquainted

with the improvements which he had made in the instrument since its first

construction ; and that he had determined in consequence to give a fresh de-

scription of it accompanied by drawings, which might enable artists who under-

took its construction to render it comparable. He, however, thought it right to

give a previous account of the labours of others in this branch of science, and

• Tome xlvi. p. 270. 1808, Second Semestrc, tome ix.— 1811, ibid, tome xii.



FOR MEASURING THE EXPANSION OF SOLIDS. 259

to remove certain errors which had prevailed up to that time concerning the

pyrometer then most in use (Wedgwood’s), and which might possibly prove

most commodious, and consequently most useful, if once the degree of exacti-

tude could be determined of which it was susceptible.” The remainder of the

paper is taken up with an account of the most accurate experiments upon the

expansion of the metals from the time of Newton.

The third and last Essay was delayed till the year 1811; and in it no further

description of the platinum pyrometer is to be found
; but a laborious com-

parison,

1st, of the indications of the platinum pyrometer with those of the mercurial

thermometer

;

2nd, of the same pyrometer with that of Wedgwood ; and

3rd, of the degrees determined by these instruments with those previously

known ofthe expansion, ebullition and fusion of various substances
; in a range

of temperature comprising the highest degrees of the thermometric scale and

the lowest of Wedgwood’s.

Now it is very remarkable that all M. Guyton’s efforts in this paper are di-

rected to the valuation of the degrees determined by Mr. Wedgwood’s clay

pieces ; but that he carries the comparison of the platinum pyrometer by actual

experiment no higher than the melting point of antimony. He clearly esta-

blishes a great error in Mr. Wedgwood’s original estimation of his degrees to

that point ; and, by calculation upon this basis, continues the correction to the

melting point of iron,
“ en admettant toujours une progression uniforme jusque

dans les plus hautes temperatures.” The experimental comparison was obvi-

ously stopped by some practical difficulty at higher temperatures ; and it is

easy to perceive in what this must have consisted. Platinum at a red heat be-

comes very soft and ductile
; and the lever against which the pyrometric bar

pressed, being of such very slender dimensions, would obviously be liable to

bend and thus frustrate the experiment : in addition to which, I can speak from

my own experience, the platinum spring plate and the centre pin would be

liable to a change of texture which would impede the motion of the lever and

it would finally become welded to the index ; for a very moderate pressure at

a high temperature would produce this effect.

The conclusion, indeed, of these Essays seems to admit that the author did



260 MR. DAN IELL ON A NEW REGISTER-PYROMETER

not expect that the platinum pyrometer could ever come into general use

:

“ enfin, ces corrections ne peuvent manquer d’ajouter a l’utilite du pyrom&tre

d’argile, soit dans les travaux chimiques, soit dans les arts
;
quand meme le

pyromhtre de platine, plus exact mais moins usuel, serait reserve pour en as-

surer la marche, et pour servir a des recherches plus importantes.”

M. Guyton, however, although he abundantly proves the incorrectness of

Mr. Wedgwood’s estimate of the higher degrees of temperature, is very far in-

deed from establishing the point at which he so earnestly laboured, namely,

the regularity of the contraction of the clay pieces ; or from substituting a more

correct value of the degrees throughout the whole range of the gauge than the

one which he so completely overturned. His comparative experiments with

the platinum pyrometer, at the boiling points of mercury and linseed oil, and

the melting point of antimony, led him to reduce the equivalent of each degree

from 130° Fahr. to G2°.5. The zero point of the clay pyrometer was thus car-

ried back to 517° instead of 1077° ; but it seems to have escaped his notice that

this zero point was declared to be a red heat visible in the day-light,—a descrip-

tion which cannot be mistaken, and which clearly could not be below the

temperature of boiling oil, melting lead, or boiling mercury ; all of which are,

however, placed above it in M. Guyton’s table. M. Guyton also places the

melting point of silver at the 22nd degree of Mr. Wedgwood’s scale instead of

the 28th, which was, according to his own determination, a correction first sug-

gested by Sir James Hall in the 9th volume of Nicholson’s Journal. Taking

the value’of each degree at 62°.5 Fahr., it fixes this point at 1892° Fahr., which

agrees very nearly with my own experiment in the paper before alluded to

;

but continuing the calculation up to the melting point of iron, upon the sup-

position of an uniform progression, the 130th degree corresponds with 8696°

Fahr., which, although only about half the amount 17977° assigned by Mr.

Wedgwood, is very far removed from the result of my calculation 3479°.

Nevertheless, it is a curious fact, that M. Guyton’s Essay contains proof that

his determination is erroneous, and that mine is a near approximation to the

truth. As a collateral means of verifying the indications of instruments in-

tended to measure high degrees of temperature, he refers to the calorimeter as

capable of affording the necessary data by a calculation from the amount of

heat communicated to known quantities of fire or water by bodies in a state of
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incandescence ; and he quotes the very exact experiments of MM. Clement

and Desormes, who had in this manner determined the following points :

By the Liquefaction By the Heat commu-
of Ice. nicated to Water.
Fahr. Fahr.

Temperature of soft iron melted ..... 3988° . . 3902°

Cast iron just on the point of melting . . . 3164° . .

Red hot iron 2732° . .

White hot ditto 3282° . .

Iron just ceasing to be luminous in day- light . . . 1272°

Melted copper . . 2294°

My own determinations of the melting point of cast iron, 3479°, of that of

copper, 2548°, and of a red heat, about 1000°, agree, very closely and satisfac-

torily with these results, with which I was unacquainted at the time of my ex-

periments. M. Guyton’s remark upon the latter is :
“

II suffit de jeter un coup-

d’oeil sur les resultats, pour recueillir de nouvelles preuves univoques de la ne-

cessite de reduire les valeurs donnees par Wedgwood aux degr6s de son pyro-

metre. Mais je ne crains pas de dire que ces reductions sont ici portees trop

loin, ainsi qu’on peut en juger en les rapprochant de celles auxquelles j’ai ete

conduit par l’ensemble des experiences rapportees dans cet essai. Ce n’est pas

que je veuille repandre des doutes sur l’exactitude des observations dont je dois

la communication aux deux habiles chimistes ci-dessus cites ; mais il est aise

de faire voir que la difference des resultats est due, pour la plus grande partie,

a la difference des precedes ; de sorte que les evaluations qu’ils ont donnees

aux degr^s de l’echelle de Wedgwood, peuvent, en derniere analyse, et en pre-

nant les termes moyens dans la latitude que comportent des operations aussi

delicates, servir plutot a confirmer qua detruire le systeme de correction que

j’ai etabli.”

It is worthy of observation, that had the degrees of Wedgwood’s pyrometer

been valued from this determination of the fusing point of iron, the result would

have better corresponded with the whole series of phenomena. Instead of 130°

Fahr. as fixed by the inventor, or 62°.5 as corrected by M. Guyton, they would

have been estimated at about 20° Fahr. ; and taking Mr. Wedgwood’s original

determination of the fusing point of silver at 28° of his scale and the zero point

at 1077°, the former would come out about 1650°. By raising the zero point

a little, (and it is much more probable that the temperature of a red heat fully
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visible in the day- light is above 1077
° than below it,) we arrive at something

like an approximation to the truth. These wide discrepancies, and the practical

disuse of both Mr. Wedgwood’s and M. Guyton’s pyrometers for a long time

past, prove the expediency of further investigating a subject of so much interest

and importance.

The pyrometer, which I shall now proceed to submit to the judgement of the

Society, consists of two distinct parts, which I shall designate as the Register

and the Scale.

The first is a solid bar of black-lead earthenware, eight inches long, seven-

tenths of an inch wide, and of the same thickness, cut out of a common black-

lead crucible. In this a hole is drilled three-tenths of an inch in diameter,

and 7 1
;y inches deep. At the upper end of this bar and on one of its sides about

six-tenths of an inch in length of its substance is cut away to the depth of

half the diameter of the bore. When a bar of any metal 6| inches long is

dropped into this cavity, it rests against its solid end ; and a cylindrical piece

of porcelain about 1^ inch long, which I shall call the index, is placed upon

the top of it, which projecting into and beyond the open part, is firmly confined

to its place by a ring, or strap of platinum ; which passing round the black-lead

bar and over the piece of porcelain, is made to press upon the latter with any

required degree of tension by means of a small wedge of porcelain inserted be-

tween the bar and the strap on the side of the former. It is obvious that when

such an arrangement is exposed to a high temperature, the metallic bar will

force the index forward to the amount of the excess of its expansion over that

of the black-lead, and that when again cooled, it will be left at the point of

greatest elongation. It may also be observed, that the exact indication of this

amount is not in the slightest degree interfered with by any permanent con-

traction which the black-lead may undergo at high degrees of heat
; as any

such contraction will take place at the moment of the greatest expansion of

the metal, and the index will still mark its point of furthest extension upon

this contracted basis.

The problem now consists in the accurate measurement of the distance which

the index has been thrust forward from its original position ; and although the

amount can in any case be but small, there is no reason why it may not be

determined with the same precision as is now commonly attained in similar

quantities in astronomical and geodetical operations. For this purpose the
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scale is constructed of two rules of brass, accurately joined together at a right

angle by their edges, and fitting square upon two sides of the black-lead bar,

and of about half its length. At one end of this double rule a small plate of

brass projects at a right angle, which plate, when the two sides of the former

are applied to the two sides of the register, is brought down upon the shoulder

formed by the notch cut away at its upper end, and the whole may be thus

firmly adjusted to the black-lead bar by three planes of contact.

On the outside of this frame another brass rule is firmly screwed down,

which projecting beyond it, and bending a little so as to bring its end opposite

to the cavity in the black-lead bar when applied to it, supports a moveable arm

exactly inches long, turning at its fixed extremity upon a centre, and at its

other carrying an arc of a circle, accurately divided into degrees and thirds of

a degree, whose radius is exactly 5 inches. At the centre of this circle upon

the arm, and of course at the distance of half an inch from the centre of

motion, another lighter arm is made to turn, one end of which, being the exact

radius of the circular arc, carries a nonius with it, which moves upon the face

of the arc and subdivides the former graduation into minutes. The other end

crosses the centre ; and at the exact distance of one-tenth of the radius, or the

distance between the two centres of motion, terminates in an obtuse steel point

turned inwards at a right angle. These graduations and distances are laid

down with the greatest precision by Mr. Troughton’s dividing engine. This

part of the apparatus may be regarded as a pair of proportional compasses

attached to the end of the brass rule and frame, whose longer legs carrying

the arc and nonius are to its shorter as ten to one ; and the opening of the

latter being regarded as a chord of a small circle, is magnified in the same

proportion by the former, and measured upon the scale. A small steel spring

let into the larger arm is made to press upon the smaller, so as to adjust the

nonius to the commencement of the graduation
; and when forced back it tends

to restore it to its original position.

The annexed figures, in which all the parts are drawn of their real dimen-

sions, will assist the comprehension of the preceding description. Plate X. fig. 1

.

represents the scale. A A is the principal brass rule, upon the under side of

which the frame a a a a a a! is adjusted by the screws b b, and which supports

upon its bent extremity c, the arm B moving upon the centre d, and termi-

nating in the arc of the circle e e.

2 MMDCCCXXX.
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C C is the lighter arm moving upon the centref upon the arm B, and carry-

ing at one end the nonius g, and at the other the steel point h, the distance of

which from the centre f is exactly half an inch or one-tenth of the radiusfg,

and equal to the distance of the two centresf d. i is a small lens represented

as lying down, but which may be raised by the centres k and l perpendicularly

above the nonius to facilitate the reading, m m is the steel spring, which

being fixed in a cavity cut out of the arm B, presses upon a small pin n on the

arm C, and throws the radius back to the commencement of the arc.

Fig. 2. represents the register. DDDD is the black-lead bar, with its

cavity o o. At p p p p it is cut away to the depth of half the bore, q q is the

porcelain index, which is placed upon the top of the metallic bar, and confined

to its place by the pressure of the platinum strap r acting by the force of the

small porcelain wedge s.

When an observation is to be made, the metallic bar is placed in the cavity

of the register, the index is to be pressed down upon it and firmly fixed in its

place by the platinum strap and porcelain wedge. The scale is then to be ap-

plied by carefully adjusting the brass rules to the sides of the black-lead bar,

and fixing it by pressing the cross piece (a')
upon the shoidder : holding the

whole together steadily in the left hand, the moveable arm should be so placed

that the steel point (//) of the other leg of the compasses may rest upon the

edge of the porcelain index, against which it will be pressed with some force by

the spring : then moving the arm gently forward with the right hand, the point

will slide along the end of the index till it drops into a small cavity
(
t
)
formed

for its reception, and which exactly coincides with the axis of the metallic bar

in the register, and the centre of motion of the compasses on the brass rule.

The minute of the degree must then be noted, which the nonius indicates upon

the arc. A similar observation must be made after the register has been ex-

posed to an increased temperature and again cooled ; and the number of

degrees or minutes which the nonius will then mark will, by a simple calcula-

tion from the known length of the radii and angle, give the length of the chord

comprised between the original position of the compasses and the point to

which they have moved, or the distance which the index has been forced for-

ward. Such an operation appears complex in the description, but is in fact

extremely simple after a little practice, and does not require more than a few

seconds for its performance. The scale of this pyrometer being completely
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detached from the part which is exposed to the fire, obviates one important

objection which has always been made to other contrivances of the same

nature, from the uncertain degree of heat and expansion to which they are

liable ; while the simplicity of that part of the arrangement which alone is sub-

jected to great heats, renders it little liable to injury; and together with the

cheapness of the materials of which it is constructed, occasions but a very

trifling expense for replacing it when injured.

The calculation of the absolute expansion of the bar indicated by the scale

may be performed as follows :—As radius to double the sine of half the arc

read off, and found in a table of natural sines, so will the radius B be to the

chord of the same arc ; and this divided by ten (the radius of B being ten

times the length of the radiusf h) will give the length required. Suppose the

arc read off upon the scale to be 4°,

Radius. Sine of 2°. Inches. Inch.

then 1.0000000 : 0348995 X 2 : : 5 : .3489950 -r- 10 = .0348995.

Now in working out this proportion it will be observed, that the multiplica-

tion by 2 and by 5 being both constant may, in conjunction with the division

by 1.0, be omitted; and leaving out also the final division by 10, the case

resolves itself into seeking the sine of half the arc, read off upon the scale, in a

table of natural sines, and reading it as the decimal of an inch.

Moreover, the chords of small arcs are so nearly proportional to their arcs

that, the number of degrees measured upon the scale never exceeding 10, they

may be considered without sensible error as denoting equal increments of ex-

pansion. The following short Table of the value of a degree, and minutes of

a degree, may therefore be useful in practice.

Table I.

0 ,
Inch.

1 o = .00872

0 30 = .00436

0 20 == .00290

0 15 = .00218

0 10 = .00145

0 5 = .00072

0 2 = .00029

0 1 = .00014

2 m 2
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The chord of ten degrees derived from this Table by multiplying .00872 by

10 M ould therefore be .0872, whereas it is more accurately .0871; but the dif-

ference being only j^dth of an inch may, in most cases, be disregarded.

I shall now proceed to show the degree of confidence which may be placed

in this new pyrometer, by comparing the result of its indications with those of

the best experiments upon the expansion of metals. Those of MM. Dulong

and Petit* are well adapted to this purpose. These able philosophers, in their

celebrated prize Memoir on the Measure of Temperatures, and on the Laws of

the Communication of Heat, have given, from experiment, the expansion of rods

of platinum and iron at different intervals between the freezing point of water

and the boiling of mercury. Their mode of experimenting was unexception-

able ; but it is to be regretted that they have not corrected their final results

for an error of calculation which has been pointed out by Mr. Crichton

which is by no means unimportant to the reasoning which they have founded

upon them. The error, however, affecting the amount of expansion in volume,

is reduced to one-third in the linear expansion, which is the subject of the pre-

sent investigation, and may therefore be disregarded.

The following Table of the expansion of iron and platinum is extracted from

their work.
Table II.

Temperature deduced from
the dilatation of Air.

Mean absolute dilatation

of Iron for 180 degrees.

Mean absolute dilatation

of Platinum for 180 degrees.

From 32° to 212° 1 1

28200 37700

From 360° to 572°
1

22700

1

36300

Whence we deduce the linear expansion of platinum for 180° Fahrenheit,

from 32° to 212° .00088420: and for 180°, from 360° to 572° .00091827 : and

of iron, from 32° to 212° .001 18203: from 360° to 572° .00146842, showing an

increasing dilatation in each when referred to an air-thermometer.

The bars of the different metals used in the following experiments were all

exactly 6.5 inches in length.

Exp. 1 . A square bar of platinum j^ths of an inch thick, was carefully arranged

in the black-lead register, which was placed in the apparatus represented, upon

• Ann. dc Chimie et Physique, vii. 113. t Annals of Philosophy, New Series, vol. vii. p. 241.
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a diminished scale, at fig. 3. a is an iron tube about two inches diameter, and

closed at the bottom : b is a black-lead tube closed at the top, and fitted to

the mouth of the former by grinding : c is a smaller black-lead tube projecting

from the side of the latter near its upper end, and likewise fitted to its place

by grinding. The whole forms a kind of alembic, which may be readily put

together, and in which mercury may be easily boiled on a common fire, and

the vapours collected without loss or annoyance to the operator. The register

was fixed in its place by a wire, so that when mercury was poured into the

iron bottle it was prevented from floating. The mercury in this experiment

rose a little above half the length of the register. The whole apparatus was

then placed upon a fire, and in ten minutes the mercury began to boil : in

ten minutes more it freely distilled over ; and in ten minutes further the

apparatus was removed, the register taken out and allowed to cool. The arc-

measured upon the scale was in this instance 1° 17'-

The experiment was repeated, merely having the head of the alembic off,

and suffering the mercury to boil freely in the iron bottle for a quarter of an

hour. The arc measured was 1° 23'.

The register was next allowed to float upon the mercury, so that when the

head of the alembic was adjusted and the mercury made to boil, it was not

immersed in the metal, but surrounded by its vapour: the reading was 1° 16'.

A repetition of this arrangement gave 1° 23'.

In another repetition of the experiment, the time was extended to twenty

minutes from the first boiling of the mercury ; the reading of the scale was

1 ° 20'.

Again ; the time was reduced to ten minutes, and the measurement was

1° 23'.

In the various repetitions of this experiment the mercury freely distilled

over, and the temperature was such, that every part of the black-lead tubes, in

which the vapour circulated, would just scorch, but not blacken, a piece of

writing paper held against them.



MR. DAN IELL ON A NEW REGISTER-PYIIOMETER*268

The following’ Table collects these results into one view, and exhibits the

expansion denoted by each reading, and the mean result.

Table III.

0

1 17 = .01119

1 23 = .01206

1 16 = .01105

1 23 — .01206

1 20 = .01163

1 23 = .01206

Mean 1 20 = .01163

The temperature of the atmosphere was about 64° during these observations.

Exp. *2. A bar of soft iron, of the same dimensions as that of platinum, was

substituted for the latter in the register. The experiment was repeated five

times : twice with the register immersed in the mercury, and three times

exposed only to the vapour. The time of exposure varied from twenty minutes

to ten, from the first moment when the metal began to boil.

The following Table exhibits the several readings and the appropriate

expansions.

Table IV.

2 13 = .01933

2 33 = .02224

2 10 = .01890

2 23 = .02079

2 20 = .02036

Mean 2 20 = .02036

The greatest variation from the mean was therefore only j^dths of an inch in

the platinum experiment, and j^dths in the iron.

We shall now compare these results with the preceding determinations of

MM. Dulong and Petit.
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The expansion of Platinum.

Length of Bar.

From 32° to 212° = .00088420 X 6.5 . . . = .005747300

From 360° to 572° = .00091827 X 6.5 . . . = .005968755

.011716055

From 212° to 360° = Mean of the above . . . = .005858027

Total expansion from 32° to 572° = .017574082

Add for the expansion from 572° to 660°,

the temperature of boiling mercury, calculated at

the highest rate :

—

180° : .005968755 : : 88° : .002918058 . . =.002918058

.020492140
Deduct expansion for 32°, the experiment with the

pyrometer having been made at 64° .... =.001021742

Calculated at the lowest rate :

—

180° : .005747300 : : 32° : .001021742
Real expansion of the bar by Dulong and Petit = .019470398

If from the real expansion thus obtained 01947

We deduct the apparent expansion obtained by the pyrometer .01163

The remainder .00784

will be the expansion of the black-lead.
~

The expansion of Iron.

Length of Bar.

From 32° to 212° = .00118203 X 6.5 . . . =.007683195

From 360° to 572° = .00146842 X 6.5 . . . = .009544730

.017227925

From 212° to 360° = Mean of the above . . . = .008613962

Total expansion from 32° to 5 72° =.025841887

Add for the expansion from 572° to 660°,

the temperature of boiling mercury, calculated at

the highest rate :

—

180° : .009544730 : : 88° : .004666311 . = .004666311

.030508198

Deduct expansion for 32°, the experiment with the

pyrometer having commenced at 64° . . . =.001365901
Calculated at the lowest rate :

—

180° : .007683195 : : 32° : .001365901

Real expansion of the bar by Dulong and Petit . .029142297
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From the real expansion 02914

Deduct the apparent expansion obtained by the pyrometer .02036

The remainder .00878

is again the expansion of the black-lead as obtained by this series of experiments.

Expansion of 6.5 inches of Black-lead.

From 64° to 660° by platinum bar 00784

by iron bar 00878

Mean .00831

either determination differing- from the mean by less than j^dths of an inch.

This close agreement in results from two metals whose expansions differ so

much from each other is highly satisfactory; but the great delicacy of the

instrument may be still better appreciated from the following experiment of

the expansion of nine different metals from the temperature of 62° (the tem-

perature of the air at the time of observation) to 212°.

Exp. 3. Bars of the following metals were successively placed in the register

and immersed in hot water, which was gradually heated to the boiling point,

and kept boiling for ten minutes in each instance. The following Table ex-

hibits the readings of the scale and the appropriate expansions.

Platinum

Iron (soft)

Copper .

Tin (grain)

Zinc . .

Lead . .

Brass

Gold (fine)

Silver (fine)

Table V.

6 19 = .00276 from 60° to 2 12°

0 35 = .00508

0 47 = .00683

0 56 = .00814

1 40 = .01454

1 25 = .01223

0 55 = .00799

0 36 = .00552

0 56 = .00814

Iu the subsequent Table I have given the absolute expansions of the same

metals from 32° to 212° from the best authorities ; and for the sake of compa-
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rison have added from calculation their expansion from 62° to 212°, by reducing

the former in the proportion of 180 : 150.

Table VI.

Length of Bar. From 32° to 212°. From 62° to 212°. Authorities.

Platinum .00088420 X 6.5 = .005747300 = .004789416 Dulong & Petit.

Iron . .00118203X6.5 = .007683195 = .006402662 Dulong & Petit.

Copper .00171821X6.5 = .011168365 = .009306970 Dulong & Petit.

Tin . .00217298X6.5 = .014124370 = .01 1770308 Lavoisier & Laplace.

Zinc . .00294200X6.5 = .019123000 = .015935833 Smeaton.

Lead . .00284836X6.5 = .018514340 = .015428616 Lavoisier & Laplace.

Brass . .00193000x6.5 = .012545000 = .010454166 Smeaton.

Gold . .00146606X6.5 = .009529390 = .007941158 Lavoisier & Laplace.

Silver . .00190974x6.5 = .012413310 = .010344424 Lavoisier & Laplace.

Upon deducting from the amount of these several absolute enpansions the

apparent expansions in the black-lead register, we shall obtain the expansion

of the latter from 62° to 212°, as derived from the several metals. The results

are comprised in the following Table.

Table VII.

Expansion of

Platinum .

Expansion of the Metal Bars.

. absolute .00478
Black-lead Register. Difference from Mean.

apparent .00276
. =.00202 . . —.00032

Iron . . . . absolute .00640

apparent .00508

. =.00132 . . -.00102

Copper . . . absolute .00930

apparent .00683

. =.00247 . . +.00013

Tin . . . . absolute .01177

apparent .00814

. =.00363 . . +.00129

Zinc . . . . absolute .01593

apparent .01454

. =.00139 . . -.00095

MDCCCXXX. 2 N
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Table YII. (Continued.)

Expansion of the Metal Bars.

Expansion of
Black-lead Register. Difference from Mean.

Lead . . . absolute .01542

apparent .01223

. =.00319 . . +.00085

Brass . . . absolute .01045

apparent .00/99

. =.00246 . . +.00012

Gold . . . absolute .00794

apparent .00552 . . =.00242 . . +.00008

Silver . . . absolute .01034

apparent .00814

. =.00220 . . -.00014

Mean .00234

In five instances out of these nine, the difference of the expansion of the

black-lead from the mean does not exceed j—^dths of an inch, two being in

deficiency, and three in excess : and it is worthy of observation that they are

the metals whose dilatations have always been considered the most regular,

and concerning which there is the least difference of authorities, viz. gold,

silver, platinum, copper, and brass. The greatest difference is in the tin,

which amounts to nearly j^dths of an inch in excess ;
and it is more than

probable that the absolute expansion of this metal has not hitherto been

obtained with sufficient precision, and that it even varies in different states. I

shall return to this subject in the second part of this Paper, which I reserve

for a future communication ; in which I hope to be able to lay before the

Society observations and tables of the dilatations of metals to their melting

points. It is my intention in this first part to touch no further upon the

subject of expansion than is sufficient to establish confidence in the pyrometer

as a measure of heat.

Another confirmation of the precision of these observations may be derived

by calculating the expansion of the black-lead register for the 150°, from the

greater expansion previously determined by the boiling point of mercury for

590° : .00831 : : 150° : .00209

which only differs
i0o
%dths of an inch from the above mean.
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Exp. 4. It was a principal object to ascertain whether any and what differ-

ence existed in the expansion of different specimens of the black-lead earthen-

ware : two or three registers which I had cut out of the same crucible gave

me almost identical results by exposure to boiling mercury. I then selected

another specimen by a different manufacturer. Its grain was very fine, and its

texture more close and compact than the former. It was twice exposed with

the platinum bar to boiling mercury. The first time it was boiled for a quarter

of an hour, and the arc measured was 1° 45'. The second time the boiling was

continued for only ten minutes, and the reading was precisely the same. The

expansion was therefore .01526.

Absolute expansion as before 01947

Apparent expansion 01526

Expansion of black-lead 0042

1

Exp. 5. The same register of the fine-grained black-lead was exposed for a

quarter of an hour with the iron bar to boiling mercury : the arc measured on

the scale was 2° 49' = expansion .02457-

Absolute expansion as before . . . . .02914

Apparent expansion . .02457

Expansion of black-lead . .00457

Fine-grained black-lead by platinum . . .00421

by iron . . . .00457

Mean . .00439

The two experiments differing from the mean by less than jp^dths of an inch.

This shows that the fine-grained ware expands less than the coarser, and proves

the necessity of ascertaining the expansion of each register for itself by boiling

in mercury ; at least till some means be taken to insure their uniform com-

position. Every register should also be marked with a reference to its proper

expansion ; and I would recommend all those who may use the instrument for

delicate researches, to verify this point for themselves ; as they may easily do

with the apparatus before described.

2 n 2
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Exp. 6. The expansion of the last specimen of black-lead ware being nearly

the least which has fallen under my observation, I repeated with it the experi-

ment of the dilatation of six of the former list of metals to the boiling point of

water ; as the accuracy of these observations is a point which it is of the

greatest importance to establish.

The subjoined Table contains the results.

Table VIII.

Platinum . . 0 22 = .00319 from 60° to 212

Iron . . . . 0 39 = .00566

Copper . . . 0 54 = .00785

Brass . . . 0 59 = .00857

Gold . . . . 0 41 = .00595

Silver . . . 0 58 = .00843

The differences of the observed expansions and the real are also subjoined

and ranged by the side of those obtained by the first series of observations.

Table IX.

Platinum
Expansion of the Metal Bars.

absolute .00478

apparent .00319

Expansion of Black-lead.

Second Series. First Series.

Differ, from Differ, from
Mean. Mean.

= .00159 .00000 . . .00202 -.00032

Iron . . absolute .00640

apparent .00566
= .00074 -.00085 . . .00132 -.00102

Copper . absolute .00930

apparent .00785
= .00145 -.00014 . . .00247 + .00013

Brass. . absolute .01045

apparent .00857
= .00188 + .00029 . . .00246 + .00012

Gold . . absolute .00794

apparent .00595

= .00199 + .00040 . . .00242 + .00008

Silver . absolute .01034

apparent .00843

= .00191 + .00032 . . .00220 -.00014

Mean . .00159 . .00234
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The agreement of this second series with each other is quite as close as that

of the first ; and it is worthy of remark, that the greatest variation from the

mean is in both cases with the iron in deficiency, and nearly to the same

amount of one half. It is not unlikely, therefore, that there may be some

error in estimating the absolute dilatation of this metal, which is probably

something greater than we have assumed.

If we estimate the expansion for these 150° to the boiling point of water

from the result obtained by the boiling of mercury, we shall have the following

proportion:— 596° : .00439 :: 150° : .00110

which does not differ quite ^Igodths of an inch from the foregoing mean.

Having thus, I trust satisfactorily, established the accuracy of the pyrometer,

and the degree to which confidence may be placed in its indications, I shall

conclude this part of my subject with the details of some experiments upon the

fusing points of different metals. I shall designate the registers of coarse and

fine-grained black-lead respectively by the letters A and B.

Exp. 7. About 30lbs. of the clippings of thin sheet copper were very gradually

melted in a crucible in the blast furnace of the Royal Institution. The platinum

bar was adjusted in the register B, and when the metal was about half run

down, it was placed perpendicularly with the index upwards in the crucible, and

held down with a pair of tongs. The crucible was then gradually fed with the

clippings till the melted metal covered about two-thirds of the register. In this

situation it was kept ten minutes, and when it was lifted out some of the metal

remained unmelted. A crust of oxide, mixed with metal, had also affixed itself

to the upper part of the black-lead. This was partially dissolved away and

loosened by immersing the register with great care, when cold, in a diluted

mixture of sulphuric and nitric acids. The whole was thus easily removed,

and the black-lead exhibited a perfectly clean surface. The arc measured

upon the scale was 5° 49', denoting an expansion of .0508. The temperature

of the laboratory was about 65°.

I am indebted to the kindness of Mr. Mathison for unexceptionable oppor-

tunities of taking the melting points of gold and silver at the Royal Mint, who

also most obligingly assisted me in the operations. Two new registers were

prepared, which I shall designate as II and III : their rates of expansion were

not determined till after the experiments.

Exp. 8. The register II was carefully adjusted with the platinum bar.
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About OOlbs. of fine gold were weighed, and one of the ingots was cut into ten

pieces for the purpose of gradually feeding the crucible, and keeping the tem-

perature down to the true melting point during the observation. The remainder

was melted in a black-lead crucible in a wind-furnace. When just fused, one

of the pieces was thrown in, and the melted metal immediately congealed upon

the surface. The register, which had been slowly heated in another crucible to

a dull red, was then taken up with a pair of tongs and plunged perpendicularly

into the gold about two-thirds of its height. In this situation it was kept ten

minutes, and during the time two more lumps of the metal were thrown in. It

was then carefully lifted out and set apart to cool. Its surface was perfectly clean,

only a few small globules adhering to it, which were easily removed. I may

here remark that stirrers of the black-lead earthenware are constantly used at

the Mint for agitating the melted gold. The arc measured from this experiment

was 6° 10', equivalent to an expansion of .0537. Temperature of the air about 65°.

Exp. 9. The register III was fitted with the iron bar, and also heated to a

dull red. The temperature of the melted gold was prevented from rising by

constant feeding with the pieces ; the crucible being never left without some

portion unmelted. It was then plunged beneath the surface of the metal as in

the preceding experiment, and held in that situation for ten minutes. The arc

measured was 9° 2', indicating an expansion of .0787.

Exp. 1 0 . The rates of expansion of the two last registers were determined by

boiling them for ten minutes each in mercury. The results were as follow

:

Arc. Expansion.

II with the platinum bar 1°.50 = .0159

III with the iron bar 2°.38 = .0229

Exp. 11 . About 50lbs. of pure silver were melted in a black-lead pot: a

little scum floated upon the surface, which appeared at first like drops of oil

upon a basin of water. I was afterwards informed that the metal had been

refined with nitre, and the dross was owing to the action of a little remaining

potash upon the crucible. Two registers had been prepared for the platinum

and iron bars; but the observations were lost from the same action upon their

substance. They were so deeply corroded in a line which corresponded with

the level of the fluid metal, as to render it impossible to apply the scale, with

any certainty, to their surfaces.

Exp. 12. Two new registers were selected, whose rate of expansion was
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found by boiling in mercury to be equal ; the arc in both cases being with the

platinum bar 1° 20' = .0116. They were marked IV and V.

IV was adjusted with the platinum bar. An ingot of silver, which had been

refined by cupellation, weighing about 35lbs., was placed in a black-lead cruci-

ble in a wind-furnace. When somewhat more than three-fourths were melted,

the register, previously heated to a dull red, was plunged into it as before, and

held down for ten minutes. When lifted out its surface was found perfectly

good, and the few adhering globules of metal were easily removed. When
cool the scale was applied, and the arc found to be 4° 10' = expansion .0363.

Temperature of the air 65°.

Exp. 13. The iron bar was placed in the register V, and having been pre-

viously heated was plunged into the same pot of metal. The silver at first set

about the black-lead and adhered to it in a large lump. At the expiration of

ten minutes this was just melted off, and the instrument was raised out of the

crucible in a perfectly clean state. When cool the arc measured was 7° 24' ==

expansion .0645.

Exp. 1 4. I made several attempts at the Royal Institution to ascertain the

melting point of cast iron ;
but owing to the large quantity of the metal neces-

sary ; to the difficulty of keeping the temperature steady by constant feeding

;

and to the failure of crucibles,—I did not succeed. I am under obligation to

Mr. Parker of Argyle Street, for the readiness with which he afforded me every

facility of performing the experiment at his foundry.

I selected a new register for the occasion, which was marked I. Its rate of

expansion was not determined till after the experiment. A crucible was pre-

pared capable of containing about 35lbs. of the metal. It was filled with

pieces of the best grey iron, and placed in a powerful wind-furnace, which ad-

mitted of the operator standing immediately above the crucible with complete

command over it. When the metal was melted, the crucible was lifted from

the furnace, and the dross skimmed off its surface. It was then replaced
; a

lump of the same iron was thrown into it, and the register, previously heated

red hot, was immersed in the fluid to about the same depth as in the former

experiments. It was kept in this situation by means of a pair of tongs for ten

minutes, and afterwards gently lifted out and laid upon hot sand. A thin

scale of iron adhered to the black lead, which when cold was easily removed,
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and retained the form of the bar like a sharp cast, and left the surface of the

register perfectly clean and bright. The arc measured after the experiment

was 6° 16' = expansion .0546. Part of the lump of metal remained unmelted.

Exp. 15. Another register, which had been prepared with the iron bar, was

immediately immersed in the fluid metal. The fire, however, had been allowed

to fall, and the iron almost instantly congealed ; and in attempting to lift the

register out, it was found to be set fast and broke. The experiment was so far

instructive, that it proved how nearly the exact melting point had been attained

in the preceding experiment. The iron bar was removed uninjured.

Exp. 16. The register I with the platinum bar was boiled in mercury for

ten minutes: the arc afterwards measured was 1° 20' = expansion .0116.

Exp. 17- About 30lbs. of zinc were carefully melted in a crucible set in a

common fire, assisted with the bellows. The register A was prepared with the

iron bar and held down in the metal, which was supplied from time to time so

as to insure its very gradual fusion, and some portion always remaining in the

solid state. In ten minutes time it was removed, and when cold the arc mea-

sured was 2° 45', equivalent to an expansion of .0239.

A dry stick of deal plunged into the melted metal for a few seconds caused

a violent ebullition, and was deeply charred. The zinc in this state did not

appear red in the light.

Exp. 18. About 12lbs. of zinc were melted in a smaller crucible: the re-

gister B prepared with the iron bar was immersed in it ; but instead of being

gradually supplied, the heat was allowed to increase after fusion till it began to

burn : at this point there was an evident blush of red upon its surface. The

arc measured upon this occasion was 4° 7
f = expansion .0358.

I shall now collect together the results of the preceding experiments, for the

purpose of showing what conclusions may be derived from them with regard

to the degrees of temperature which they indicate when referred to the com-

mon thermometric scale. I shall make the calculations first upon the suppo-

sition that equal amounts of expansion denote equal increments of tempera-

ture; and I shall thus be enabled to compare the present series with that

which I formerly obtained with my first pyrometer, and to offer a few remarks

upon the differences of the two.

I shall adopt the corrected temperature of 662° 135 0° Centigrade) for the boil-
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ing point of mercury, as proposed by MM. Dulong and Petit ; which agrees

very closely with the amount employed in my first calculations, and which, de-

ducting 62° for the mean temperature at which my experiments commenced,

gives 600° for the interval for which the several expansions were determined.

The first column of the following Table refers to the number of the experi-

ment; the second to the mark of the register and the bar which was employed ;

and the third to the amount of expansion in the same, occasioned by boiling

mercury or 600° of temperature upon Fahrenheit’s scale. The fourth column

exhibits the arc measured upon the scale
; and the fifth the equivalent expan-

sion. The sixth contains the corresponding temperature ; the seventh records

the state of the metal, which was the object of the experiment
; and in the

eighth I have recapitulated the corresponding results of my former Essay.

Table X.

No. of
Experi-
ment.

Mark of Re-
gister and

Bar.

Expan-
sion for

600°.

Arc mea-
sured on
Scale.

Expan-
sion.

Temperature. Metals observed.
Temperature
by former
Pyrometer.

7

B
Platinum .0152

o

5 49 .0508 2005+ 65 2070 Copper, fusing point. 2548

8

II

Platinum .0159 6 10 .0537 2026+ 65 2091 Gold, fusing point. 2590

9

III

Iron .0229 9 2 .0787 2061+65 2126 ditto ditto

12

IV
Platinum .0116 4 10 .0363 1877+ 65 1942 Silver, fusing point. 2233

13

V
Iron .0203 7 24 .0645 1906 + 65 1971 ditto ditto

14

I

Platinum .0116 6 16 .0546 2824+ 65 2889 Iron, fusing point. 3479

17

A
Iron .0203 2 45 .0239 708+ 65 773 Zinc, fusing point. 648

18

B
Iron .0245 4 7 .0358 876+ 65 941 Zinc, inflaming.

The most remarkable fact displayed by the preceding comparison is the

beautiful accordance of the results obtained from two metals whose expan-

sions are so different as those of platinum and iron. The temperature indi-

cated by the latter exceeds that by the former in the instance of the fusing

2 oMDCCCXXX.
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point of gold 35°, and in that of silver only 29°; and this excess is in accord-

ance with the conclusion of MM. Dulong and Petit, exhibited in Table II.,

that the expansion of iron increases in the higher degrees in a greater propor-

tion than that of platinum.

The discrepancy between the temperatures derived from the observations

with my first pyrometer and the present are considerable, but may be suffi-

ciently accounted for by the differences in the circumstances of the experi-

ments, without imputing inaccuracy to the instrument. In the paper to which

I have before alluded, I stated that “
I did not offer the results as positive and

accurate determinations of the different degrees, but only as nearer approxi-

mations than any that had yet been furnished from actual observation. The

only method which I had it in my power to adopt for the purpose, I do not

consider to be susceptible of absolute accuracy. The arrangement made con-

sisted of a muffle of black-lead placed in an excellent draught-furnace. This

muffle was furnished with a door, through a round hole in which the stem of the

pyrometer wras passed up to the shoulder. Another door, which could be

stopped at pleasure, admitted a full view of the interior. The metal to be

tried was placed in a small black-lead receptacle, of the same thickness as the

pyrometer tube, in the middle of the muffle. Now it is evident that the

pyrometer so situated would indicate the mean heat of the wdiole of the muffle;

wdiich heat might, and did, vary in different parts. Of twro pieces of silver

of the same size placed within an inch of each other, one fused some time

before the other.” I also suggested that “ means might be contrived to sur-

round the instrument with the metal in a state of fusion
;
but that it required

particular opportunities, which it wras to be hoped that those wrould avail

themselves of who had them in their power.”

That the latter method is the only one which can admit of accuracy will be

evident from a few reflections. Setting aside the inequality of the heat of

different parts of the same heated muffle, which however is a consideration of

the utmost importance, it is obvious that its temperature must considerably

exceed the true melting point of the metal exposed to its influence. Just as a

piece of ice would never melt in a chamber of the temperature of 32°, but

would require a considerably higher heat in proportion to its mass to supply

the caloric which becomes latent during the process,—a mass of iron would
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exhibit but little signs of liquidity till subjected to a heat much above its

true point of fusion. When once in a liquid state, both would rapidly rise to

the temperature of the medium to which they were exposed. When metals are

melted for the purposes of the arts, they of course require to be heated very

far beyond their fusing points, that they may flow into the minutest fissures of

the moulds in which they are cast, notwithstanding the cooling influences to

which they are suddenly exposed. In some of the finer castings of brass, the

perfection of the work depends upon the intensity to which the metal is heated,

which in some cases is urged even beyond the melting point of iron. With a

fire whose power in all cases must so greatly exceed the temperature required,

it is necessaiy to bestow great care in supplying the metal gradually, as we

have before described
; as it is inconceivable with what rapidity it rises after

the solid pieces are completely dissolved. Evidence of the same fact may be

derived from the experiments of MM. Clement and Desormes, which I have

before quoted. They calculated the heat of melted iron at 3988°, and of iron

just on the point of melting at 3164°,—a difference of 800°. And it is clear from

the circumstances of the experiment, that the former must have considerably

exceeded the true melting point, or it never could have been transported in a

liquid state from the crucible to the apparatus in which the water was heated

or the ice melted. It is probable that the process which they employed, of the

calorimeter, was not susceptible of great accuracy ; but the discrepancy of the

results from those which I obtained from the metal in analogous circumstances

is not great.

Iron just melting .... 3164° by the former

2889 by Pyrometer

275° difference.

Iron melted at a high heat . 3988 by the former

34/9 by Pyrometer

509° difference.

A similar excess also appears in their determination of the heat of melted

copper, and obviously admits of the same explanation.

After performing these experiments upon the melting points of the metals, I

was desirous of ascertaining the effects of the most intense heat which it was

possible to produce in a furnace
; and to measure the utmost limits of expansion

2 o 2
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in a platinum bar. For this purpose I made use of an excellent wind-furnace

in the Royal Institution, in which upon former occasions hob-nails had been

completely fused into a button.

Exp. 19. The register I, which had not been the least injured by the

previous experiments, was fitted with a new bar of platinum, which had been

drawn as a wire, was ^ths of an inch in diameter and very ductile. The iron

bar was also adjusted to a new register, and both were placed upright in a well

heated crucible. About half an inch of powdered charcoal was strewed upon

the bottom to prevent any adhesion
;
and two soft iron nails, and a piece of

unglazed Wedgwood’s porcelain, were thrown in for the purpose of affording

some indication of the degree of heat attained. The crucible was then set in

the furnace, another smaller crucible inverted upon it, covered with coke, and

the heat urged to the utmost for two hours. The fire was suffered to burn

out, and the crucible with its contents removed for examination. It was

sound, but the luting had been completely fused. The nails were found

melted into two complete buttons, and the porcelain was partially fused upon

the surface.

The register I appeared to be uninjured, but the platinum ring and wedge

were loose, evidently from a contraction having taken place in the substance of

the black-lead. This was no doubt owing to the heat having exceeded that at

which it had been originally baked. The amount of expansion consequently

could not be measured. The platinum ring, both of this and the other register,

exhibited a remarkable change of texture ; they had become very rough and

crystalline, and were perfectly brittle, breaking easily between the fingers. The

platinum bar also, which there was some difficulty in removing from the

cavity, presented a very extraordinary appearance. It was apparently em-

bossed with crystals, and was evidently larger at the lower end than at the

toj) : it was also something contracted in length. Upon examination with a

lens no regular facets could be detected, but it had the appearance of a bar

constructed of plates of native platinum loosely welded together.

The register which contained the iron bar was considerably bent, and had

several transverse clefts in its substance, owing possibly to its having become

inclined in the crucible. Partial fusion had taken place upon the surface of

the bar, which had run down and formed a knot at its lower extremity. About
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an inch of the same end was found to have been converted into steel, but all

the rest retained the character of soft iron.

Exp. 20. I repeated the last experiment with the same platinum bar in the

register I. The arrangement was precisely the same, with the exception of

the second register with the iron bar, and the fire was maintained with equal

intensity for an equal time.

The iron nails were found perfectly melted, and the porcelain superficially

fused as before. The ring and wedge, however, were fixed in their places, and

the index undisturbed, but the measure was unfortunately lost from an acci-

dent. The texture of the platinum ring was changed, as in the previous expe-

riment, and the bar tightly fixed in the cavity. By frequent gentle concussions

it was removed without injury to the black-lead, which had some slight marks

of fusion upon its surface, but was in a perfectly good condition. The bar was

in a still rougher state than before, highly crystalline, and exhibited several

large longitudinal clefts in its substance. It was found, by measurement with

callipers, to be |>th of an inch larger in diameter at its lower than at its upper

end, and seemed to be approaching a state of complete disintegration. It was,

however, perfectly hard and inflexible. My intention was to have again exposed

it for several hours to the same degree of heat, with the expectation that the

disintegration would have been complete, and that it would actually have

fallen in pieces during the operation : in the mean time I chanced to make it

red hot upon a common charcoal fire
; and upon attempting to lay hold of it

with a pair of tongs the two ends dropped off, and I only withdrew the small

portion which I had grasped, and which was flattened and fractured by even

this slight compression. The two ends were afterwards carefully, but with

difficulty, raised from the fire, and when cold were perfectly hard and inflex-

ible. I again heated a portion of the bar to a dull red, and it crumbled to

powder from a slight blow with a hammer.

Exp. 21. It being a point of the greatest interest to ascertain the maximum

of expansion which took place in the platinum previous to this remarkable

change of structure, I adjusted the original platinum bar, with which the

greater part of my experiments had been made, and which presented a per-

fectly smooth surface, and was very soft and ductile, in the register I. A cru-

cible was placed in the same wind-furnace, containing only a little charcoal
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powder, with the iron nail and fragments of porcelain as test pieces. The fire

was urged to the utmost ; and when it had been continued two hours the cover

was removed, and the register, previously made red hot, was carefully intro-

duced, the cover replaced, and the ignited fuel heaped upon it. At the expira-

tion of a quarter of an hour it was lifted out and cautiously cooled. An excel-

lent measure was obtained, and the arc determined to be 7° 24' = expansion

.0645.

The test pieces were found in the same state as in the previous experiments.

The platinum bar was loose in the cavity, and had not altered its form ; but

its surface had assumed a slightly crystalline texture, and it had become very

hard and inflexible.

The expansion registered would, upon the hypotheses before assumed of

equal amounts of expansion denoting equal increments of temperature, indi-

cate a heat of 3336°
; or, adding the initial temperature 65°, = 3401°. But it

must be remembered that this is probably rather the temperature at which the

change in the structure of the platinum took place, than the utmost heat of the

furnace. The latter may possibly exceed the degree at which the expansion of

the metal ceases, and at which its particles evidently form a new arrangement

;

but this point cannot at present be determined. The coincidence of this result

with that obtained in the former series of my experiments, is very remarkable.

The temperature at which I obtained the fusion of cast iron at that time was

calculated at 3479°, and was produced by the utmost energy of an excellent

wind-furnace; and this, it will be observed, is within 80° of the present

maximum.

Exp. 22. Being desirous of ascertaining whether the register and platinum

bar had undergone any change in their rates of expansion by the intense heat

to which they had been exposed, I again adjusted the latter in the register I,

which had now been once immersed in melted iron, and three times subjected

to the action of the wind-furnace, and boiled them for ten minutes in mercury.

The arc measured was 1° 19' = expansion .01148: the difference of 1' may

safely be ascribed to the uncertainty of the reading.

The temperatures thus determined will require correction, if we adopt the

conclusion derived from the experiments of MM. Dulong and Petit,—that the

dilatability of solids, referred to an air-thermometer, increases with the heat.
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The amount of this correction will be as the rate of increase ; and according to

those gentlemen is 1 1°.6 of the Centigrade thermometer, or 20°.8 Fahr. from 32°

to 572°, or the calculated temperature is to the true as .00091827 : .00088420.

Supposing the increase of dilatability to continue the same for equal intervals

of temperature, which however has not yet been proved, the following Table

will exhibit the corrected temperatures derived from the preceding experiments

with the platinum bar.

Table XI.

Melting point of Silver

Copper

Gold

Iron

Temperature of the maxi-
mum of expansion of }

Platinum .

Observed.

1942

2070

2091

2889

3401

Corrected.

1873*

1996

2016

2786

3280

If we reason in the same way from the increase of the dilatation of iron, as

laid down by the same authors, the discrepancy between the temperature de-

rived from the platinum and iron is very considerable ; the melting point of

silver coming out 1682°, and that of gold 1815° by the latter: but I conceive

that the determination of this point in the iron is open to objections which do

not apply to the platinum, and my suspicion is confirmed by the anomalous

expansion of the iron exhibited in Tables V. and IX., and to which I shall

recur upon a future occasion.

The general utility of the pyrometer, however, will in no way be affected by

any uncertainty in these corrections. The indications which it is capable of

affording will always be positive determinations, which it will be easy to

modify by calculation, as our theories may improve. For all common purposes

(and I must own that I look forward with hope that this instrument will prove

eminently useful in many of the common processes of the arts) it will not even

be necessary to note the expansion indicated by the arc measured ; but each

minute of the degree may at once be valued in degrees of Fahrenheit’s scale

at the time of taking its rate of expansion by the boiling of mercury: and a

* Mr. Prinsep, from a laborious series of experiments upon the expansion of air confined in a bulb

of gold, determines the melting point of silver to be 1830°.—Phil. Trans. 1828. p. 94.
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Table of such values should be furnished for each register by the maker of the

instrument. The following, for example, would be the proper Table for re-

gister I, which has been so often referred to, in which the arc for the boiling

of mercury or 600° (without adding the initial temperature) was 1° 20'.

Table XII.

o /
Expansion. Temperature.

1 0 — .00872 = 450°

0 30 = .00436 = 225

0 20 = .00290 = 150

0 15 = .00218 = 112

0 10 = .00145 = 75

0 5 = .00072 = 37

0 2 = .00029 = 15

0 1 = .00014 = 7.5

With such a Table an intelligent workman could employ the instrument

without any material error. Those who might object to the expense of a pla-

tinum bar may substitute an iron one for ordinary purposes, and the cost of

the black-lead register can never be an obstacle to its general use. Other sub-

stances might obviously be employed in its construction, but the facility with

which it can be worked, its small expansion, its infusibility, and the impunity

with which it bears the most sudden changes of temperature (as when red hot

it may even be quenched in water without injury), will probably always give

the black-lead ware the preference. The only precaution to be taken with it

is to expose it previously, out of the contact of air, to a heat at least as great

as that in which it is intended to employ the instrument.
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XXL On the Phenomena and Laws of Elliptic Polarization, as exhibited in the

Action of Metals upon Light. By David Brewster, LL.D. F.R.S. Lond.

8c Edin.

Read April 22, 1830.

From the first dawn of the science of polarization, the action of metals upon

light has presented a troublesome anomaly. Malus at first announced that

they produced no effect whatever
;
but by employing a different method of

observation, I found that the light reflected by metallic surfaces was so far

modified as to produce, when transmitted through thin crystallized plates, the

complementary colours of polarized light. From a second series of expe-

riments made previous to mine, Malus came to the conclusion, that the diffe-

rence between transparent and metallic bodies consisted in this: that the former

refract all the light which they polarize in one plane, and reflect all the light

which they polarize in another ; while metallic bodies reflect what they polarize

in both planes.

Having discovered the property of transparent bodies to polarize light by

successive reflexions at angles at which a single reflexion produced no percep-

tible effect*, I resolved to apply this method of examination to metals
; and on

the 7th of February 1815, when I first made the experiment, I discovered the

curious property possessed by silver and gold of dividing a polarized ray into

complementary colours by successive reflexions. As this subject promised

to open a wide field of inquiry, I prepared for the ardent prosecution of it

with all the metallic bodies which could be procured ; but the pressure of pro-

fessional business prevented me for about a month from doing any thing very

effectual.

On the 6th of March 1815, 1 received a letter from M. Biot, requesting some

information on a matter of business ;
and in answering this letter on the

same day, I communicated to him an account of the discovery above men-

* Phil. Trans. 1815, p. 142.

MDCCCXXX. 2 P
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tioned*. Immediately after this I received the most perfect plates of silver,

one pair polished by friction, and another by hammering ; two pair of plates

of gold, one of jewellers’, and another of fine gold ; with plates of steel, plati-

num, palladium, copper, brass, and speculum metal ; and with their help I

obtained the general result, that a single reflexion from a metallic surface pro-

duces the same effect upon polarized light as a certain thickness of a crystal-

lized body, with many other results, which it is unnecessary here to indicate.

As soon as M. Biot had received notice of my discovery, he seems to have

devoted himself to the same inquiry; and with all the leisure of an Academician,

and the splendid apparatus presented to him by the Institute, he obtained many

of the results at which I had arrived, and others to which I have no claim

;

and on the 29th of March he transmitted to me, through Dr. Wollaston, an

open letter containing an abstract of his experiments, and expressing the hope

that they would be of use to me in my researches.

Although this expression led me to believe that I should enjoy the privilege

of publishing the first account of my own discovery, yet I took the precaution

of having all my papers on the subject signed by the Treasurer of the Royal

Society of Edinburgh, and I proceeded with new zeal in the further examina-

tion of the subject. I soon learned, however, from M. Biot, that he meant to

treat the subject in his Trait6 de Physique ; and though I remonstrated against

this as a breach of courtesy, I had the mortification to see the discovery, to

which I perhaps attached too much importance, published for the first time in

a foreign work.

I trust the Society will excuse these details as a necessary apology for having

so long delayed to fulfil the promise, more than once made in their Trans-

actions, to communicate to them an account of these experiments
-f-.

The

* It is related in the History of Optics, Edinburgh Encyclopaedia, vol. xv. p. 493, note, that I com-

municated this discovery to M. Biot on the day on which it was made:—this is a mistake, as it was

done a month afterwards.

f In a letter to Sir Joseph Banks, dated July 28th, 1815, I communicated an abstract of these

and other experiments, with a request that he would permit the MS. to remain in his possession, as

an evidence of my claims. Sir Joseph complied with this request : but nearly two years afterwards,

happening to see the MS., he thought that it had been intended for publication, and laid it before the

Royal Society without my knowledge. It was accordingly read on the 23rd of January 1817, under

the title of Abstract of Experiments on Light, and ordered to be printed. When the proof-sheet was

sent me for correction, I requested the paper to be cancelled, as it was not intended for publication.
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reasons which I have assigned were subsequently strengthened by new inquiries

which at first threw great doubts over the views which M. Biot and I had taken

of the subject, and finally convinced me of the rashness of our generalizations.

The study of M. Fresnel’s fine discoveries respecting circular polarization

enabled me to advance still further in the inquiry
; and having more recently

resumed the investigation, I trust I shall now be able to present to the Society

a satisfactory analysis of the singular phenomena exhibited in the action of

metals upon light.

Sect. I. On the action of metals upon common light.

When we analyse with a rhomb of calcareous spar a ray of common light,

reflected at different angles from a metallic surface, there will be observed in

one of the images a defalcation of light, as if a portion of the incident ray was
polarized in the plane of reflexion. This effect will be still more distinctly

seen if we examine the system of polarized rings formed round the axes of
crystals by means of the light reflected from metals. If the light had suffered

no modification by reflexion, or if the metal reflected in equal quantities the

light polarized in opposite planes, the rings would not be visible at all ; but it

will be found that they are easily seen in the light reflected by all metals.

They are most distinctly visible at an incidence of about 74°, at an average,

and become fainter and fainter as the incidence exceeds or falls below that

angle. They appear best defined in light reflected from galsena and metallic

lead, and with least distinctness in light reflected from silver and gold, as

shown in the following Table, in which the metals are arranged in the

order in which they exhibit the rings most brightly, and consequently in the

order in which they polarize the greatest quantity of light in the plane of

reflexion.

Galsena, Antimony, Bismuth, Grain tin,

Lead, Steel, Mercury, Jewellers’ gold,

Gray cobalt, Zinc, Copper, Fine gold,

Arsenical cobalt, Speculum metal, Tin plate, Common silver.

Iron pyrites. Platinum, Brass, Pure silver.

2 p 2
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If we now take two plates of each of these metals and examine the light

which has undergone more than one reflexion, we shall find that the quantity

of light which each polarizes in the plane of reflexion increases with every

reflexion, and that in several of them the whole incident pencil is completely

polarized.

When the luminous object is a wax-candle placed at the distance of ten feet,

eight reflexions from a plate of steel at angles between 60° and 80° polarize

the whole of the light, while at angles above 80° and below 60° a greater num-

ber of reflexions is required. With galaena, lead, cobalt, and antimony, a

much smaller number of reflexions polarizes the whole pencil ; whereas with

pure and highly polished silver a very great number is necessary: the light

reflected from the silver becomes redder and redder, indicating an increasing

absorption or dispersion of the less refrangible rays.

By the use of common light it would be in vain to attempt to discover the

law according to which the polarization of the incident pencil is effected in

different metals ; but by another mode of analysis we shall be led to the ma-

thematical law for computing the exact proportion of the reflected pencil which

is polarized at certain angles when the number of reflexions exceeds one.

Sect. II. On the action of metals upon polarized light .

If a pencil of polarized light is received on a polished metallic surface

placed so as to have a rotatory motion round the polarized ray, the reflected

light will receive no modification (excepting what arises from its property of

apparently polarizing a portion of light in the plane of reflexion) when the

plane of incidence is inclined 0°, 90°, 180°, and 2/0° to the plane of primitive

polarization ;
but in every other azimuth of the plane of incidence the reflected

pencil will be found to have suffered a remarkable change, which gradually

increases as the azimuth of that plane varies from 0° to 45°, from 90° to 135°,

from 180° to 225°, and from 2/0° to 315°. At the azimuths of 45°, 135°, 225°,

and 315°, the effect is a maximum, and it gradually diminishes from 45° to 90°,

from 135° to 180°, from 225° to 2/0°, and from 315° to 360°.

In order to investigate the nature of this change, we shall suppose the plane

of reflexion from the metal to be inclined —45°, or to the left of the plane of
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primitive polarization. In this position let a plate of highly polished steel

receive the polarized ray of ordinary intensity. At 89°, 88°, and 87° of inci-

dence, almost no change is produced upon it by the action of the metal. We
can easily see that the plane of polarization of the ray is turned from right to

left, exactly as it would be by a transparent surface. In like manner at all

angles of incidence from 0° to about 40° no decided effect is produced, except

the change in the plane of polarization. At angles less than 87° the change

begins to appear, reaches its maximum at about 75°, and diminishes gradually

to 40°. By means of the analysing rhomb, it is easily seen that a great portion

of the original pencil has had its plane of polarization changed from +45° to

0°, as the incidence diminishes from 75° to 0°. If, indeed, we measure the ro-

tation of the principal section of the rhomb when the extraordinary pencil is

a minimum at different angles of incidence, we shall find it to correspond

• COS ( 2 -f“ t) )

with 45° — <p, <p being calculated from the formula tan <p = CQS ^
~_~^ in

which
sin i

sin i
3.732, the index of refraction for steel. The value of <p will be

found to be nearly the same at 87° and 40°, which shows why at these two

angles the change under our consideration is just beginning to appear with

light of ordinary intensity.

The physical effect of the metallic surface being a maximum at 75°, we shall

now examine the character of the pencil reflected at that angle.

1 . The pencil thus reflected is not polarized light, because it does not vanish

during the revolution of the analysing rhomb.

2. It is not common light, because when we reflect it a second time at 75°

from another steel surface, it is restored to light polarized in one plane.

In order to discover its nature, let it be transmitted along the axis of calca-

reous spar. The system of rings is changed into the form shown in Plate X.

fig. 1 . almost exactly in the same manner as if a thin film of a crystallized body

which polarizes the pale blue of the first order had crossed the system. If we

substitute for the calcareous spar films of sulphate of lime, which give different

tints, we shall find that these tints are increased according as the metallic

action coincides with, or opposes that of the crystal.
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On the authority of this experiment I was led to believe that metals acted

upon light like crystallized plates ; and when I found that the colours were

not only better developed, but more pure after successive reflexions, it was a

natural though a rash generalization, to conclude as I did, and as M. Biot did

after me, that each successive reflexion corresponded to an additional thick-

ness of the crystallized film.

In order to show the incorrectness of this deduction, let a ray polarized +45°

be reflected twice from steel at angles of 75°. In this case the effect of the

second reflexion should be to double the tint produced by the first, if the tints

are those of crystallized plates. The result, however, is, that the whole of the

light is polarized in one plane, in place of consisting of two pencils polarized

in opposite planes. M. Biot got over this embarrassment by regarding the tint

produced by two reflexions as the white of the first order, which, in conse-

quence of its complementary tint being black, is the only one where the light

is all polarized in one plane : but had he examined the light reflected four

times, six times, or eight times at 75°, he would have still found it all polarized

in one plane, a result entirely incompatible with the supposition of the tints

rising with the number of reflexions. That the tint is not the white of the first

order may be more easily proved by making it pass along the axis of calca-

reous spar ;
for we shall find that in place of producing an increment of tint,

the effect of the second reflexion has been to destroy entirely the effect of the

first, and to restore the ray to common polarized light. All this will appear

by the perfection of the system of rings seen through the spar. If we examine

in a similar manner the light which has undergone any number of reflexions

between the plates, we shall easily ascertain that the effect never exceeds that

of a quarter of a tint in Newton’s scale.

Having thus ascertained that light polarized + 45°, and reflected at the

maximum polarizing angle of metals, is neither common light nor polarized

light, nor light constituted like that which passes through thin crystallized

plates, I conceived the idea of its resembling circularly polarized light—that

remarkable species of light which comports itself as if it revolved with a cir-

cular motion during its transmission through particular media.

According to Fresnel’s beautiful discovery, a ray of light polarized +45° is
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circularly polarized when it has suffered two total reflexions from glass at an

angle of 54^°
;
and when such a ray is made to suffer other two reflexions at

the same angle, it is restored to the state of light polarized — 45° to the plane

of reflexion, whatever be the azimuth of the second plane of reflexion in rela-

tion to the first. In like manner I shall proceed to show that a ray of light

polarized +45°, and reflected once at the maximum polarizing angle from

metals and certain metallic ores, has an analogous polarization, viz. a polari-

zation hitherto unrecognized, and intermediate between circular and rectilineal

polarization.

Let the ray polarized +45° be reflected at ~b
0 from steel, and let a second

plate of steel be made to turn round the ray thus reflected. At the azimuths

of 45°, 135°, 225°, and 315°, with the plane of primitive polarization, that is,

when the planes of the two reflexions are either coincident or rectangular, the

first reflected ray will be restored to polarized light at an incidence of 75°. At

azimuths of 0° and 1 80° the restoration will be effected at an incidence of 80°,

while at azimuths of 90° and 270° it will take place at an incidence of 70°, and

at intermediate azimuths it will take place at intermediate incidences. Hence

the ray of light reflected from steel, though it has the general properties of a

circularly polarized ray, differs from it in this remarkable particular, that it

requires different angles of incidence in different azimuths to restore the po-

larized light.

In circular polarization, as we have seen, the ray has the same properties in

all its sides ; and the angles of reflexion at which it is restored to polarized

light in different azimuths are all equal, like the radii of a circle described

round the ray. Hence, without any theoretical reference, the term circular

polarization is from this and other facts experimentally appropriate. In like

manner, without referring to the theoretical existence of elliptic vibrations pro-

duced by the interference of two rectilineal vibrations of unequal amplitudes,

we may give to the new phenomena the name of elliptic polarization, because

the angles of reflexion at which this kind of light is restored to polarized light

may be represented by the variable radius of an ellipse.

In circular polarization the restored ray has its plane of polarization always

inclined — 45° to the plane of the second system of reflexions. In elliptic

polarization the difference is remarkable. The inclination of the plane of the
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restored pencil is likewise —
,
but always less than 45°, as will appear from the

following- Table, which contains the greater number of metallic bodies.

Names of Angles of Names of Angles of
Metals. Restoration. Metals. Restoration.

Total reflexions
o

. 45
/

0 Bismuth . . .

o

. 21
/

0

Pure silver . 39 48 Speculum metal

.

. 21 0

Common silver . 36 0 Zinc .... . 19 10

Fine gold . . . 35 0 Steel .... • 17 0

Jewellers’ gold . 33 0 Iron pyrites . . . 14 0

Grain tin . . . 33 0 Antimony . . . . 16 15

Brass . . . . 32 0 Arsenical cobalt

.

. 13 0

Tin plate . . . 31 0 Cobalt ... . 12 30

Copper . . . . 29 0 Lead .... . 11 0

Mercury . . . 26 0 Galsena . . . 2 0

Platina . . . . 22 0 Specular iron . 0 0

The bodies in this Table are obviously in the inverse order according to

which they polarize most light in the plane of reflexion.

I have inserted at the top of the Table the inclination of the restored pencil

in total reflexions, which is 45°; and at the bottom, that of specular iron,

which is 0°
; in order to show the transition from elliptic polarization to cir-

cular polarization on the one hand, and to rectilineal polarization on the

other.

In these experiments the primitive ray was polarized +45° to the plane of

reflexion ; but when this angle diminishes, the plane of the restored ray ap-

proaches to the plane of reflexion, and ultimately coincides with it at 0°
; and

when this angle increases, the plane of the restored ray recedes from the plane

of reflexion, and the two planes form an angle of 180° when the other angle

becomes 90°.



OF ELLIPTIC POLARIZATION. 295

The following experiments were made with plates of pure silver, in which

the inclination <p was 39° 48', when the inclination x of the plane of polariza-

tion was 45°.

Inclination x of the Plane
of primitive Polarization

to Plane of Reflexion.

Observed Inclination of the

restored Ray to the Plane
of Reflexion or ip.

Inclination <p calcu-

lated by the

Formula.

+ 90 . . . .

0 '

. — 90 0 . . .

o /

. . — 90 0

85 . . . • 84 36 . . . 84 0

75 . . . • 74 10 . . . 72 10

65 . . . • 63 51 . . . 60 46

55 . . . . 52 18 . . . 49 57

45 . . . d = 39 48 . . . 39 48

35 . . . • 32 23 . . . 30 28

25 . . . • 23 10 . . . 21 14

15 . . . . 13 16 . . . 12 35

5 . . . • 4 40 . . . 4 10

0 . . . 0 0... 0 0

Calling 0 the inclination or value of <p at 45°, we may represent these obser-

vations by the formula, tan <p
— tan 6 tan x, and the actual change of the plane

of polarization, or R, will be R = x +

When <p is given, tan x = and when <p = 45°,and consequently tan <p = 1,

we have, cot x = tan d, and x — 90° — 0.

Since light polarized +45° is elliptically polarized by one reflexion from

steel at 75°, and is restored to light polarized —17° by a second reflexion at

75°, it is clear that a third reflexion at 75° will again polarize it elliptically,

while a fourth reflexion at 75° will again restore it to light polarized + 0 ,

0 being a quantity less than 17°, and given by the preceding formula. The

same effects will be reproduced with different numbers of reflexions, as in the

following Table.

No. of Reflexions

from Steel at 75° State of the Light Reflected,

of Incidence.

1 . . Elliptically polarized.

2 . . Restored to light polarized

MDCCCXXX. 2 Q

Inclination of the Plane of
Polarization.

Observed. Calculated.

o i o

. -17 0 . . -17



29G DR. BREWSTER ON THE PHENOMENA AND LAWS

No. of Reflexions

from Steel at 75°

of Incidence.

3 . .

State of the Light Reflected.

Elliptically polarized.

Inclination of the Plane of

Polarization.

Observed. Calculated.

4 . . Restored to light polarized . . + 510.. + 5 22

5 Elliptically polarized.

6 . . Restored to light polarized . . -20.. — 1 38

7 • Elliptically polarized.

8 . . Restored to light polarized . . 0 0.. + 0 30

9 . . Elliptically polarized.

10 . . Restored to light polarized . . 0 0.. - 0 9

11 . . Elliptically polarized.

12 . . Restored to light polarized . . 00.. +0 3

Hence it follows, that at every odd number of reflexions at the maximum

polarizing angle the light is elliptically polarized, and at every even number

it is restored to a single plane of polarization. In circular polarization the

inclination <p of this plane is always +45°, even after fifty reflexions, as I have

ascertained by direct experiment ; but in elliptical polarization the inclination

diminishes at every restoration ; and in the case of steel it is reduced to near 0°

after eight reflexions, when the light is all polarized in the plane of reflexion

;

that is, the elliptic polarization gradually diminishes and terminates in recti-

lineal polarization.

The value of p, as given in the preceding Table, and consequently the num-

ber of reflexions when it approaches to 0°, may be deduced from the formula,

tan <p
= tan 0 . tan x.

After the first reflexion x = +45°, and <p, or the inclination of the plane of

the ray as restored by the second reflexion, is = —17°, as given by experi-

ment. Hence the light which suffers the third reflexion, and is thereby ellip-

tically polarized, is not, as originally, polarized +45°, but only —17°; and

consequently, when it is restored after the fourth reflexion, the value of <p must

be such as corresponds to an equality in the values of x and 0, both of them

being = 17°- Hence the formula becomes,

tan <p = tan 2 x, or tan = tan
n x ;

» being the number of pairs of reflexions, or half the number of reflexions

which the restored ray has undergone. In this way the last column of the pre-
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ceding Table has been calculated. The same formula represents also, as it

should do, the phenomena at the limits of elliptic polarization. In the case of

circular polarization, where the plane of polarization of the restored ray is 45°,

we have,

x = 45°, tan x = 1, and tan <p = tan” x = 1, or <p = 45°

after any number of reflexions however great. In like manner, in rectilineal

polarization, where x = 0°, we have <p = 0°, that is, the ray is polarized in the

plane of reflexion.

The above formula is suited to any series of reflexions at any angle when the

value of <p for the first term of the series is known. The value of <p for two reflex-

ions, the first term of the principal series, can be determined only by experiment,

and has been given in a former Table for several metals
; but we may deter-

mine from it the value of <p for the first term of any other series, provided it is

an even number, in the following manner. Making x — the inclination for

two reflexions at the maximum polarizing angle, and <p the value of x at any

number of reflexions 2 n, we shall have,

tan x + tan
n x

tan <p = ~ (A)

where tan n x is the value of <p at the maximum polarizing angle for 2 n re-

flexions
;
but as no odd number can occur in the principal series, the preceding

rule will not apply to such numbers.

The following Table shows the coincidence between the formula and experi-

ment.

Silver.
Inclination of Plane of

Number of Values of Angle of Polarization.

Reflexions. n. Incidence,

o /

Observed,

o /

Calculated,

o /

2 . . . l . . . 73 0 . . . 39 48 . . 39 48

4 . . . 2 . . . 82 30 . . . 37 45 . . 37 22

6 . . . 3 . . . 85 6 . .

Steel.

. 35 0 . . 35 22

2 . . . 1 . . . 75 0 . . . 17 0 . . 17 o

4 . . . 2 . . . 83 30 . . . 11 30 . . 11 17

6 . . . 3 . . . 85 45 . .

2 q 2

. 9 30 . . 9 30



298 DR. BREWSTER ON THE PHENOMENA AND LAWS

When the number of reflexions which begin the series is odd or fractional,

we must determine, by the preceding formula, the value of <p for the even

number immediately above it : and calling v the number of odd or fractional

reflexions, and N the number of even reflexions immediately above v, <p the

inclination for N reflexions as given by the formula (A), and <p the inclination

required, we shall have,

tan = tan x — {v — 2 —N _ 2— J.
(B)

The truth of this formula will appear from the following Table.

Silver.

Inclination of the Plane of
Number of

Reflexions.

Angles of
Incidence.

Polarization.

Observed. Calculated.

3 . .
7°9 40 . . . 38 28 . . 38 33

5 . . 77 13 . . . 33 10 . . 33 36

5 . . 84 5 . . . 26 0 . . 26 24

Steel.

3 . . 77 37 . . . 13 15 . . 14 11

5 . . 84 38 . . . 10 30 . . 10 23

The same results will be obtained at the angles of equal phase below the

maximum polarizing angle.

This last rule is suited to even as well to odd numbers of reflexions, but it

does not give precisely the same results for even numbers as the formula (A).

The difference, however, is far within the limits of the errors of observation.

The inclination, for example, at 4 reflexions, is by formula (A) 37° 22' for

silver, whereas by formula (B) it is 37° 34', the difference being only 12

minutes.

In circular polarization, therefore, the plane of polarization of the restored

light continues by successive reflexions to oscillate on each side of the plane

of reflexion with a never varying amplitude from +45° to —45°; while in

elliptical polarization, the same plane oscillates with an amplitude continually

diminishing till it is brought to nothing in the plane of reflexion.

In steel, as we have seen, the polarization is highly elliptical, and the ampli-

tude of the oscillations of the plane of restoration is quickly brought to zero;
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but in silver, where the polarization approaches nearly to circular, the oscilla-

tions diminish very slowly in amplitude, as the following Table shows.

No. of Reflexions

from Silverat73°

of Incidence.
State of the Reflected Light.

Inclination of the Plane of

Polarization, or <p.

Observed. Calculated.

1 . . Elliptically polarized.

2 Restored to light polarized . . —38 15 . . —38 15

3 . . Elliptically polarized.

4 . . Restored to light polarized . . +31 15 . ,

. +31 52

5 . . Elliptically polarized.

6 . . Restored to light polarized . . -26 0 . . —26 6

12 . . Restored to light polarized . . +13 30

18 . . Restored to light polarized . . — 6 42

36 . . Restored to light polarized . • + o 47

Owing to the high dispersive power of silver, I found it difficult to carry the

comparison any further with white light, as the colours closed in upon the

points of evanescence, and rendered it impossible to determine with any pre-

cision the inclination of the plane of polarization.

The preceding results afford the clearest explanation of the phenomena which

steel and silver exhibit in the reflexion of common light. As common light is

similar to two equal pencils polarized +45° and —45°, and as steel brings two

such pencils into a state of parallelism with the plane of reflexion, common

light must therefore be wholly polarized in the plane of reflexion after 8 reflex-

ions. In like manner we see why the same effect is not produced by silver,

because after 8 reflexions the two planes of the pencils are inclined 42°, so as to

form a partially polarized pencil.

The same results also furnish us with a method of computing the proportion

of polarized light in any pencil of common light, reflected from metals at

angles at which the restoration of the elliptical polarized pencil is effected. In

order to determine this proportion for steel after two reflexions at 75°, we must

consider that a pencil polarized +45° is restored by these two reflexions to

light polarized — 17°, and consequently a pencil polarized —45° to light pola-

rized + 17°. Hence a beam of common light will consist after two reflexions of

two pencils +17° and —17° of equal intensity, and consequently in the same
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state of partial polarization as if common light had been reflected either at an

angle of 45° or 68° from a surface of glass. Consequently in the formula *

Q = 1 — 2 sin2 <p, we have <p = 17° and Q = 0.829.

Hitherto we have considered elliptical polarization as produced only at the

maximum polarizing angle. It may be produced, however, by a sufficient

number of reflexions at any given angle either above or below the maximum

polarizing angle, as appears from the following Table, in which the reflexions

are made from two parallel plates of steel.

No. of Reflexions

from Steel at which
Elliptic Polarization

is produced.

No. of Reflexions at

which the Pencil is re-

stored to a single Plane.

Angles of Incidence.

Calculated. Observed.

3, 9, 15, &c. 6, 12, 18, &c.
o /

85 45
O /

86 0

H, 7b 12b &c. 5, 10, 15, &c. 84 38 84 0

2, 6, 10, &c. 4, 8, 12, &c. 83 30 82 20

lb 4b 7b &c. 3, 6, 9, &c. 79 39 79 0

1, 3, 5, &c. 2, 4, 6, &c. 75 0 75 0

lb 4i, 7b &c. 3, 6, 9, &c. 68 53 67 40

2, 6, 10, &c. 4, 8, 12, &c. 60 2 60 20
Ol 7

1

1 Ql Src
5, 10, 15, &c. 56 5 56 25

3, 9, 15, &c. 6, 12, 18, &c. 51 24 52 20

The numbers given in the third column are calculated by the following me-

thod. The relation of the preceding phenomena to the angle of maximum
polarization is obvious

; and if we consider the nature of the formula, tan <p =
COS (? -f-

coS
-

(T^?p we shall see that the angles at which the rectilineal polarization of

the primitive pencil is destroyed have a reference to the rotation which the

reflecting surface produces in the plane of polarization. The angles indeed in

the third column, at which similar effects are produced above and below 75°,

are those at which <p has equal values. This is a very important relation, and

enables us to determine the phase P of the two inequal portions of oppositely

polarized light, by the interference of which the elliptic polarization is produced.

It may be expressed by P = 2 R.

But R = 45° —
<p,

Hence P = 90° — 2 <p.

tan <p = cos (i + i')

cos (i — i')’

•See my Paper “ On the Law of the Partial Polarization of Light by Reflexion,’’ supra, p. 7G.
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In this manner we obtain the following results.

No. of Reflexions

for Elliptic Po-
larization.

Angle of Inci-

dence on
Silver.

Angle of Inci-

dence on
Steel.

Inclination of

Plane, or <p.

Rotation of

Plane, or R. Phase, or P.

o o / o / o / o _ O
3 85 6 85 45 30 0 15 0 30 = + of 90

H 83 49 84 38 26 15 18 45 37| = tV of 90
2 82 30 83 30 22 30 22 30 45 = 4 of 90

H 78 8 79 39 11 15 33 45 67i= | of 90
i 73 0 75 0 0 0 45 0 90 = 4- of 90
i| 66 25 68 53 11 15 33 45 67|= 1 of 90
2 57 16 60 2 22 20 22 30 45 = | of 90

H 53 17 56 5 26 15 18 45 374 == -nr of 90
3 48 38 51 24 30 0 15 0 30 = 1 of 90

In the results of the two preceding Tables, where the number of reflexions is

an integer, it is easily understood how an elliptically polarized ray begins to

retrace its course, and recover its state of polarization in a single plane, by the

same number of reflexions by which it lost it : but it is interesting to observe,

when the number of reflexions is 1^, 2^, 3^, that the ray must have acquired

its elliptic polarization in the middle of the second and the third reflexion ; that

is, when it had reached its greatest depth within the metallic surface. It then

begins to resume its state of polarization in a single plane, and recovers it at

the end of 3, 5, and 7 reflexions. This stationary point at which the retrograde

effect commences, may be made to have its position at any depth beneath the

surface, by changing the angles of some of the reflexions, or by combining

plates of metal of different polarizing powers.

The same curious property is exhibited in total reflexions, as I have found

that the circular polarization can be produced by 2^, 3^, See. reflexions.

Hitherto we have chiefly examined the phenomena when the reflexions are

performed either all above or all below the polarizing angle. We shall now

proceed to the case when one reflexion is made on one side, and one on the

other side of the maximum polarizing angle.

When a ray polarized + 45° has been reflected once from steel at an angle of

85° or of 54°, it has acquired partially the state of elliptic polarization, and to

such a degree that three reflexions more at the same angle will complete the

effect. But if the ray partially polarized elliptically by one reflexion at 85°

suffers a second reflexion at 54°, it does not acquire more elliptic polarization,
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but it retraces its course, and recovers its state of single polarization. The

same phenomenon occurs at the following angles.

Angles of partial Elliptic Angles at which it recovers

Polarization. Values of <p. its Polarization. Values of <p

1 Reflex, at 87^ •

o /

. 36 5 1 Reflex, at 4 1 .

o

. 36
/

11

85 . 2

7

28 54 . . 28 0

80 . . 12 12 68 . . 12 36

77 5 24 72 . 5 59

75 • 0 0 75 . 0 0

It is obvious, by comparing these angles with those in the preceding Table, that

they correspond, and are those at which equal phases or rotations are produced.

The effect of two reflexions, at angles of equal phase, upon the inclination I

of the plane of polarization is shown in the following Table.

Inclination I of the Plane of

Polarization.

Observed. Calculated.

o o o o /

1 Reflex, at 90 and 1 at 0 . . . 45 . . . 45 0

q*rl a
1 . 30 02 * * " *

85 54 . . . 26 . . . 26 5

80 68 . . . 19 . . . 20 8

77 72 . . . 18 . . . 17 2

75 75 . . . 17 . . . 17 o

The last column of the table is calculated by the formula

I = tan <p (45° — i!) + 1,

/ being 1 7°, or the inclination after two reflexions at the maximum polarizing

angle.

In the preceding inquiry we have considered only the phenomena when the

consecutive reflexions are performed in coincident planes. The investigation

becomes more troublesome, and the results more interesting when the plane of

the second reflexion is presented in every different azimuth to the ray that is

cither wholly or partially elliptically polarized by the first reflexion.

Let a pencil be elliptically polarized by one reflexion from steel at 75°, and

let the azimuths be reckoned from the plane of this reflexion. We have

already seen that a second reflexion at 75° in azim. 0° and 180° restores the

pencil to a single plane of polarization ;
but if we turn the plane of the second
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reflexion into azim. 45° or 225°, we shall find that the angle of restoration is

no longer 75°, but 78°. At azim. 90° and 2/0° it is again 75°, and in azim. 135°

and 315° it is only 68°, having varied from 68° to 78°.

The following Table shows the observed and calculated angles of restoration

in different azimuths.
Complement of Angles of Restoration,

Azimuths from Plane of first Angles of Restoration or Elliptical Radii.

Reflexion. from Steel. Observed. Calculated.

o o o o o

0 and 180 . ... 75 . . . . 15 . . . 14.9

22i . 2021 . ... 77 • . . . 13 . . . 12.7

45 . 225 . ... 78 . . . . 12 . . . 12

67\ . 247\ • ... 77f . ... 121 . . . 12.7

90 . 270 . ... 75 . . . . 15 . . . 14.9

112i
. 2921 . ... 70 . . . . 20 . . . 19

135 . 315 . ... 68 . . . . 22 . . . 22

157* • 337^ • ... 70 . . . . 20 . . . 19

180 . 360 . ... 75 . . . . 15 . . . 14.9

The radii in the two last columns are obviously those of a curve approaching

to an ellipse whose major and minor axes are situated, the one 45° to the right,

and the other 45° to the left of the plane of the first reflexion. The major

semiaxis is 22°, and the minor 12°. Hence calling# the variable radius of the

ellipse, a the greater and b the lesser semiaxis, and & the azimuth, reckoned

from the lesser axis, in which the radius x is wanted, we shall have

a b
X

a* cos2
0 + bs sin2 0‘

When 6 = 45°, 135°, &c. sin2 0 cos2
tJ = A and x — —= a ^

===.

By calculating the values of x corresponding to the azimuths in the Table, we

obtain the numbers in the last column, which are so near the observed numbers

as to leave no doubt that an ellipse represents the observations.

If we perform the same experiments with a plate of silver at 73°, we shall

observe, with surprise, that the angle of restoration is the same in all azimuths,

that is, that the ellipse has merged into the circle. There is a slight deviation

indeed, just sufficient to show that the circle is slightly oval, but I could not

measure the amount of it.

This result arises from the elliptical polarization of silver being very

nearly circular. If we call (3 the angle of restoration after two reflexions,

2 RMDCCCXXX.
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the ratio of a to b, the major and minor axes of the ellipse, may be thus ex-

pressed : a : b = sin 2 (3 : rad.

In steel, where (3=17° and 2 j3 = 34°, we have a: b = 0.559 : 1 = 12 : 21|,

differing very little from 12 : 22 the actual ratio.

In silver, where (3 = 39° 48', a: b = 0.9835 : 1 = 17 : 17|.

In circular polarization, where (3 = 45°, a :b — 1:1, which gives a circle.

In rectilineal polarization, where (3 = 0, a: b= 0: 1, which gives a straight line.

It now becomes an interesting subject of inquiry to ascertain the form and

position of the ellipse, when the angle of incidence on the first plate exceeds

or falls below the maximum polarizing angle.

The following experiments were made with silver at angles of incidence of

80° and 68°, the maximum polarizing angle being 73°.

Silver.

—

Angle of Incidence on First Plate 80°.

Azimuth to Complement of Angle of Resto- Azimuth to Complement of Angle of Resto

Right. ration by Second Plate. Left. ration by Second Plate.

o o / o o /

0 28 2 0 28 2

111 • 26 35 111 . 24 40

003,“ 2 25 20 221 . 21 0

33f . 21 13 33f 16 40

45 18 20 45 14 35

56i
. 14 20 501 . 11 10

C7| • 11 32 07| • 10 0

**4 CO i^C.3 10 15 CO 10 0

90 10 0 90 10 0

Silver.—

A

ngle of Incidence on First Plate 68°.

O o o o

0 . 13 0 13

111 . 14 H| • 13

22i
. 151 221 . 131

33f . 16 33f . 14

45 . 17 45 14*

56£ . 19 oei . 15*

07| . 20 07| • 161

78f . 20 78f . 18

90 . 20 90 • • 20

In the first of these sets of experiments, the semiaxes of the ellipse are as 10°
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to 28°, and its major axis is in azim. 0° and 180° or in the plane of the first

reflexion.

In the second series the ratio of the semiaxes is as 13° to 20°, and the major

axis is in azim. 90° and 2/0°, or perpendicular to the plane of the first reflexion;

but in both series there is a want of symmetry in the curve to the right of azim.

0° where it bulges out, showing that in both series the greater axis is a little to

the right of azim. 0°.

Hence it appears that in silver, whose elliptic polarization is nearly circular,

the ellipse which regulates the angles of restoration has its greater axis in the

plane of the first reflexion for all angles greater than 73°, the maximum pola-

rizing angle
;
and from a circle it increases in ellipticity till at the limit of 90°

the lesser semiaxis is 0°, and the greater 90°, and it becomes a straight line. For

angles above 73° the ellipse has its greater axis perpendicular to the plane of re-

flexion, and gradually increases in ellipticity from the circle till at the limit of 0°

its lesser semiaxis is 0°, and its greater 90°, when it becomes a straight line.

The peculiar character of elliptic polarization shows itself in another manner,

and with peculiar interest, in the variable position of the ellipses which regu-

late the angles of restoration upon steel.

We have already seen that the curve which is circular in silver at the maxi-

mum polarizing angle, is in steel an ellipse whose semiaxes are as 12° to 22°,

the greater axes being inclined 45° to the right of azim. 0°.

The following Table will show how the effect varies at angles of incidences

above and below the polarizing angle.

Azimuth to

Right,

o

0

111

22|

33^

45

56|

67|

78f

90

Steel.—Angle of Incidence 80°.

Complement of Angle of Resto-

ration by Second Plate,

o

. . 23

25

Azimuth to

Left.

Complement of Angle of Resto-

ration by Second Plate.

o

0 23

20

26

24

201

18

151

11

10

221 ... . 161

33f .... 13

45 .... 14
561 ... . 10

671 ... • H
78f . . • • H
90 .... 10

2 r 2
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Steel.

—

Angle of Incidence 68°.

Azimuth to

Right.

Complement of Angle of Resto-
ration by Second Plate.

Azimuth to Complement of Angle of Resto-

Left. ration by Second Plate.

0

0
o... 11

O

0 . .

o

11

iii . ... 24 ni . . 10

22i . • . . 24^ 22i . . 9

33f . . . .
25i 33f . . 9f

45 • . . 26* 45 . . 1 1*

56i . . . . 25§ 56i . . 15

... 20 m • 18

78f • ... 21 78f - . 20

90 ... 22 90 . . 22

By comparing these results with those obtained from steel at 75°, and with

the observations already made on the passage of the ellipse into a straight

line, the following results may be deduced.

Angle of Incidence on Ratio of Semiaxes Character of the Position of the greater Axis
first Steel Plate. of the Ellipse. Ellipse. of the Ellipse.

o

0 . .

O

0
O

: 90 Straight line. . Azim. 90° and 270°

68 . . 9 : 26 Ellipse . . . betw. 45° and 56° to R.

75 . . 12 : 22 Ellipse . . 45° to R.

80 . .
ql

: 26 Ellipse . . .
22i° to R.

90 . . 0 : 90 Straight line. 0

Hence it is obvious that the major axis of the ellipse is 45° + <p R to the

right of 0° of azimuth, <p being computed from the formula

tan <p — cos (i + i')

cos (* — i'Y

There is a deviation at the incidence of 68° and 80° of some amount, but still

it is scarcely without the limits of the errors of observations when common light

is used. In strong lights the coincidence will doubtless be more perfect.

The best method of determining the position of the major axis, is to place the

second plate at such an angle to the ray received from the first, that it may

exceed by two or three degrees the angle of restoration in azim. 0°. Hence if

we turn the second plate round the ray into all azimuths from 0° to 90° in the

right hand quadrant where the greater axis lies, it must come into two azi-

muths where the restoration takes place at the same incidence. The comple-
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merits of these two angles of incidence will be equal radii of the ellipse, and

consequently the azimuth which bisects the two azimuths in question, will be

that of the major axis of the ellipse. By increasing the angle of incidence on

the second plate, other two azimuths containing equal radii of the ellipse will

in like manner be found ; and we might, if necessary, at last obtain an angle of

incidence where the two radii coincided with the greater axis.

The position of the ellipse being thus given, we may determine it for all

angles of incidence. Calling x the angle of incidence on the first plate, then

we shall have four points in the ellipse as follows. The radii in azim. 90° and

2/0° are always 90° — x, and the radius in azim. 0° and 180° is the comple-

ment of the angle of incidence at which <p in the last equation has the same

value as at the angle x. Hence the form of the ellipse is also given.

In these experiments the polarization of the primitive ray has always been

+45°. When this plane varies its position, that of the restored ray also

changes, as we have already shown ; but it remains to be seen what change

takes place in the angles of restoration. At all angles of incidence, a variation

in the plane of primitive polarization does not alter the angles of restoration

or the corresponding radii of the ellipse in azim. 0°, 90°, 180°, and 270°
; but at

all intermediate azimuths of the second plate the angles of restoration diminish

while the primitive plane varies from 45° to 0°, and increase when it varies

from 45° to 90°. The following experiments show the progress of the change

when the azimuths of the second reflexion are +45° and —45°.

Steel.

Inclination of Plane of Azimuth of Second Reflexion Azimuth of Second Reflexion

prim. Polarization. -(-45°

Observed.
to Right.

Calculated. Observed.

45° to Left.

Calculated.

O o o / O O /

0 . . . o : 0 0 . . . 1 0 0

5 . . 2 2 4 . . . 2 10
10 . . 4 3 46 . • • 3* 2 3

15 . . . 6 5 43 . • • 41 ..37
20 . .

GO 7 50 . . . 6 . . 4 14

25 . . .11 9 54 . . . 6 5 26

30 . . . 13 12 11 . • • 7 6 43

35 . . . 15 14 40 . . . 8 8 6

40 . . . 18 . 17 25 . • - 91 9 41

45 . . •
20i

. 20 oco
. . Ill . . 11 30
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These observations are represented by the formula, tan 0 = tan a . tan x; a

being the angle of restoration when 6, the inclination of the plane of primitive

polarization, is 45°.

I have not given the values of 0 from 45° to 00°, because it is difficult to

ascertain even in strong lights when the evanescence commences. At 90° the

action of the first plate is 0 , so that at this limit the angle of restoration is the

angle at which the elliptic polarization is no longer visible, from the smallness

of the angle of incidence, an angle which varies with the intensity of the light

employed.

Hitherto we have attended only to the phenomena produced by two similar

metals. When the metals are dissimilar, the one silver and the other steel, I

found that at the mean maximum polarizing angle of 74°, the inclination of the

39 ° 48 ' + 17°

plane of the restored ray was 28° 30'. But 28° 24' = :

^ 3 80 that the

inclination is an arithmetical mean between that of silver and that of steel.

By four reflexions at 74° the inclination was reduced to 14°, while by four

reflexions at about 83° and 58° the inclination was 21^°, nearly equal to

28 ° 30 ' + 14°

-
5 , according to the formula in page 297- By thus combining dis-

similar metals we may produce elliptic polarization of all degress of intensity

intermediate between those produced by similar metals.

As the circular polarization of total reflexion is the limiting case of elliptical

polarization, it becomes important to establish by experiment their intimate

connexion and almost perfect similarity. Upon combining metallic and

total reflexions this was at once evident ; and I found in general that circular

polarization of any intensity, as produced by either one or more reflexions from

glass, may always be restored to rectilineal polarization by one or more me-

tallic reflexions, provided the latter are all made at angles less than the maxi-

mum polarizing angle, and that the two classes of reflexions are performed in

coincident planes.

As this takes place throughout the whole range of total reflexion from 41°

to 90°, it follows that total differs from metallic reflexion in its not having

two opposite kinds of circular polarization, like the two opposite kinds of

elliptical polarization which take place on each side of the maximum polari-

zing angle of metals. But notwithstanding this, the circular like the elliptic
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polarization has a maximum at about 50°, declining rapidly to zero at 41°, and

on the other side slowly to zero at 90° of incidence.

When one reflexion from steel was combined with two total reflexions from

glass at 54^°, the inclination of the plane of the restored ray was 30^°, an

arithmetical mean between 45° that of total reflexion, and 17° that of steel, for

45° + 17° = 31°. With silver the inclination was 42^°, and
45° + 39° 48'

= 42° 24'.

If we make the metallic reflector receive the circularly polarized ray in

every azimuth, we shall find that in azimuth 90° the circular polarization is

compensated by a metallic reflexion above 80°. As the azimuth diminishes

to 0°, this angle of compensation diminishes also, passes through 73° in the case

of steel, and diminishes to a number depending on the angle of incidence at

which the total reflexion is made. We are thus enabled to study the pheno-

mena of circular polarization by the aid of metals, and to obtain results at

which it would be exceedingly difficult, if not impossible, to arrive by any

other method. This subject, however, presents too wide a field to be treated

thus incidentally.

Sect. III.—On the complementary colours produced hy successive reflexions

from the polished surfaces of metals.

I have already given a general account of the phenomena of colour pro-

duced by successive reflexions ; and I have shown that the tints thus produced

are by no means the same as those of crystallized plates, as they do not rise in

the scale by successive reflexions.

In my early experiments on total and metallic reflexions, I regarded the two

classes of phenomena as exactly the same, mutatis mutandis ; and in commu-

nicating these results to Dr. Young, I pointed out their coincidence with his

theoretical views. Dr. Young noticed these experiments in the following

manner*.

“ Dr. Brewster has also shown that the total reflexion of light within a

denser medium, and the brilliant reflexion at the surfaces of some of the

metals, are capable of exhibiting some of the appearances of colour as if the

* Art. Chromatics, Supp. Encyc. Brit. p. 157.
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light concerned were divided into two portions, the one partially reflected in

the first instance, the other beginning to be refracted, and caused to return by

the continued operation of the same power. The original interval appears to be

extremely minute, but is capable of being increased by a repetition of similar

reflexions as well as obliquity of incidence.”

1 n a letter which I received from this eminent philosopher, dated March 25th

I s 1 (j, he thus modifies an objection which he had previously made to my opi-

nion, that the phenomena were owing to the interference of the light which

had entered the surface with that which had suffered partial reflexion.

“ The light which you suppose to have entered a little way into a reflecting

surface, in the case of total reflexion, is singularly circumstanced with regard

to the objection I mentioned in my last letter. I did not like the idea of sup-

posing a surface of any kind to contain a finite space: but, in fact, if your

theory should be confirmed, this objection might be greatly diminished by the

consideration, that the thickness of the surface would still be like an infini-

tesimal of a different order from the interval corresponding to its apparent

effect, being the versed sine of a curve of which that small interval is the arc,

and possibly in a circle of curvature not very minute.”

In continuing my experiments on this subject, I found that the colours of

total reflexion did not rise in the scale by successive reflexions ; and as they

modified the tints of crystallized bodies by adding to, or subtracting from, them

a given portion of a tint, I announced in the end of 1816, in the Journal of the

Royal Institution, that I had discovered “a new species of moveable polariza-

tion, in which the complementary tints never rise above the white (the blueish

white) of the first order, by the successive application of the polarizing influ-

ence*.” I determined, experimentally, the angles at which this tint was suc-

cessively produced and destroyed, and thus discovered some of the leading

properties of total reflexion, before, I believe, M. Fresnel had made any ex-

periments on the subject. It was he, however, who ascertained that this new

species of polarization was circular polarization ; and it is impossible to speak

too highly of the ingenuity and talent which he exhibited in that difficult

inquiry.

This view of the phenomena of total reflexion unsettled the opinions which I

* Journ. Roy. Inst. vol. iii. p. 213.
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had entertained respecting the action of metals, and I was thus led to revise

and extend the unpublished experiments which I had made on the subject.

In order to ascertain the effect of a single metallic surface, I took a crystal-

lized plate of glass whose central tint was the blueish white of the first order,

and positive like sulphate of lime. This tint varied from a quarter of a tint in

value down to zero. The primitive ray was polarized +45°, and the plate of

steel was horizontal. This ray was received at an incidence near 90°, and the

principal section of the analysing prism was in the plane +45°, while the

length of the plate of glass was fixed perpendicular to the plane +45°, or to

the principal section of the prism, so as to move along with it.

At an incidence of 88° the metallic action destroyed the action of the equi-

valent crystallized plate when the section of the analysing prism was turned

from -{-45° to +38°.

At an incidence of 83^° the same effect was produced when the same section

was turned into the plane -j-22|°.

And at an angle of 75°, viz. the maximum polarizing angle, the compensa-

tion took place when the axis of the crystal had moved round 45°.

In like manner, at an angle of 60° the compensation took place when the

axis of the crystal was turned round 45° -f 22^°, or — 22|°
;
and,

At an angle of incidence of 40° the compensation was effected when the axis

of the crystal had turned round 45° + 37°, or into the plane — 37°. The same

results are obtained when the light falls on the metal before it passes through

the crystal.

Hence it follows, that at the maximum polarizing angle the effect of the

equivalent crystal placed in azimuth 45° to the plane of primitive polarization,

is compensated by the action of the metallic surface, while at greater angles of

incidence the compensation is effected in azimuths less than 45°
; and, at less

angles of incidence, in azimuths greater than 45°.

When the reflexion from the metal is made in a plane perpendicular to the

meridian, the opposite effect is produced.

The angles at which the compensation takes place in the preceding experi-

ments are obviously such, that calling R the angle of rotation of the axis of

the crystal, it has always to i the angle of incidence the same relation as in the

formula, tan (45° - R) = —jfzriy
2 sMDCCCXXX.
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Hence we are led to the important conclusion, that the pencil which enters

the metal follows the changes of polarization of the partially reflected pencil,

which is regulated by the same law as in transparent bodies.

It now became interesting to examine the effect produced by the joint action

of the metal, and an equivalent crystal, in changing the plane of polarization

of the restored ray. The following are the results with different metals at the

maximum polarizing angle.

Metals.

Position of the Plane
of Polarization.

Rotation

effected.

Silver (pure) . . . . + 42
o

. . 3

Copper . . . . . . . +36J . .
GO

Mercury . . . . ... -f 35 . . 10

Platina . . . . . . + 34 . . 11

Speculum metal . ... -f 32 . . 13

Steel . . .

+30i
. . • • 14*

Lead . . . + 26 . . 19

Galoena . . . • • • +17i • • . . 2

These metals follow the same order in their action upon the plane of polari-

zation that they hold in the Table in page 294, though in reference to the rota-

tion actually produced in both cases the order is inverted.

The preceding Table points out in a very instructive manner the difference

between the action of a metallic surface and an equivalent crystallized film.

When two metallic surfaces act together, the plane of polarization of the

restored ray is invariably thrown beyond the plane of reflexion ; whereas in

the combination of a crystallized film with a metallic surface, the same plane

never reaches the plane of reflexion, the plane having always a negative posi-

tion in the former case, and a positive one in the latter. Thus in two reflexions

from silver at 73°, the primitive ray polarized + 45° has its plane of polariza-

tion changed into — 39° 48', whereas in the combination of one reflexion from

silver with the crystallized film, the plane is changed only into +42°.

In order to determine the law of the metallic action at different incidences

and with different numbers of reflexions, I interposed between the eye and the

metal, which was silver, a plate of calcareous spar, which exhibited its tiniaxal

system of rings.
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The influence of the metal in modifying the rings was a maximum at 73°,

as shown in Plate XI. fig. 1. exactly as if they had been crossed by a positive

crystalline film which polarized a quarter of a tint, or the pale blueish white

of the first order, and whose axis was situated in a plane +45°, or that which

bisects the planes of the two pencils oppositely polarized by the metal. The

influence of the metal, or the tint which it polarizes, diminishes gradually from

73° to, 90°, where it vanishes, and consequently where the rings recover their

symmetry and their tints. At this limit the position of the axis of the equiva-

lent film is A B (fig. 2.), a line still bisecting the planes of the two oppositely

polarized pencils. In fig. 2. the rings are not represented of their own shape,

but just as they are beginning to be invaded by the metallic action as at an

incidence of 86° or 87°. At incidences from 73° to 0° the opposite effect takes

place, the rings recovering their symmetry at 0°, and the position of the axis of

the equivalent film being now vertical, and bisecting the planes of the two

oppositely polarized pencils. The form of the rings before they recover their

symmetry is shown in fig. 3.

At all intermediate angles of incidence the axis A B has intermediate posi-

tions
; and calling A the inclination of the axis to the plane of reflexion, we

shall have A = <p +45°,

<p being positive or + from 90° to 73°, and negative or — from 73° to 0°.

The intensity of the metallic tint, so to speak, or of the positive equivalent

plate T, will be T= * ^ = (^)

.

Hence we see the error of the proposition hitherto maintained, that an in-

crease of incidence, reckoning from the perpendicular, produces the same

effect as an increase of thickness in thin crystallized plates.

When the rings are combined with two reflexions at 73° in silver, or 73° in

steel, they do not suffer the slightest change, the principal section of the prism

being placed in the plane —39° 48' with silver, and —17° with steel. By

two reflexions, however, between 73° or 73° and 90°, an effect is produced on

the rings which increases gradually in silver from 73° to 82° 30', and diminishes

from 82° 30' to 90°. At 82° 30' the effect is the same as after a single reflexion

at 73°
; for since four reflexions at 82° 30' restore the elliptically polarized ray,

two reflexions at the same angle must have produced complete elliptical polari-

2 s 2
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zation. At angles between 82° 30' and 90° the pencil is only partially polarized

elliptically ; whereas from 82° 30' to 73° the light has been more than ellipti-

c-ally polarized, the restoration of it having been begun during the second

reflexion. Hence, in order to determine the phase for any angle between

82° 30' and 90°, we must take the sum of the phases for each reflexion, or 2 P

;

whereas between 82° 30' and 73° we must take the excess of the sum of the two

phases above 90° or 90° — 2 P. In both cases the pencil has suffered a partial

elliptic polarization ;—in the former, from the sum of the actions of the two

reflexions, and in the latter, from their unbalanced actions. The very same

effects take place between 73° and 57° 16', the other maximum, as between 73°

and 82^°; and between 57° 16' and 90°, as between 82^° and 90°.

In the case of three reflexions there are two points or nodes of restoration,

viz. 78° 8' and 66° 35', the maxima being at 85° 6', 73°, and 48° 38', at each of

which points the phase is 90°. At 73° the second reflexion restores the ray

elliptically polarized by the first reflexion, and the third reflexion again pro-

duces elliptic polarization. At 85° 6' and 48° 38', six reflexions produce a

restoration of the pencil, and consequently three reflexions must have polar-

ized the pencil elliptically with a phase of 90°. From 85° 6' to 90°, and from

48° 38' to 0°, the pencil has been only partially elliptically polarized, and the

phase at any angle between these will be 3 P. At any angle between 48° 38'

and 85° 6', the phase will be 2 X 90 — 3 P.

In general, calling n the number of reflexions, the phase between 90° and

the nearest maximum, and between 0° and the nearest maximum, will be n P,

while at all other angles of incidence it will be (w — lx 90) — n P.

In order to give a general view of the number of points of restoration, and

of the other phenomena which take place after different numbers of reflexions,

I have drawn up the following Tables.



OF ELLIPTIC POLARIZATION. 315

Table I. Showing the numbers of reflexions from silver at which elliptically

polarized light is restored to a single plane of polarization, with the cor-

responding angles of incidence, and the position of the plane of restoration

in relation to the plane of reflexion, computed for 20 reflexions.

(For angles less than the maximum polarizing angle.)

No. of Re-
flexions.

Integer Multiples.

Angle of

Restora-

tion.

No. of Re-
flexions.

Integer Multiples.

Angle of

Restora-

tion.

— 2 2 + 4-6 + 8-10+12-14 + 16—18 + 20
O i

71 o 3.8 + 19
O /

58 15

21 2.111 + 19 71 42 - 4 4.0 + 8-12+16-20 57 16

21 2.125 + 17 71 32 44- 4.25 + 17 55 54

21 2.143 + 15 71 23 41 4.333 + 13 55 29
21 2.167 -13 71 8 44- 4.5 -9 + 18 54 42
21 2.200 + 11 70 48 U 4.667 — 14 53 54

21 2.222 -20 70 34 44- 4.75 -19 53 31

21 2.25 -9+ 18 70 17 + ^ 5 + 10 + 15 + 20 52 27

2f 2.286 -16 69 53 51 5.333 -16 51 5

2<r 2.333 + 7+14 69 29 5-j- 5.5 -11 50 27
21 2.3/5 -19 69 3 54 5.667 -17 49 49
21 2.4 -12 68 59 - 6 6 + 12-18 48 38

2f 2.428 -17 68 33 6i 6.333 + 19 47 23
21 2.5 -5 + 10-15 + 20 67 54 6a 6.5 — 13 46 57

21 2.571 -18 67 14 64 6.66 7 -20 46 32
21 2.6 + 13 66 58 + 7 7 + 14 45 35

21 2.667 -8+16 66 25 7i 7-5 -15 44 13

2f 2.714 + 19 66 0 — 8 8 + 16 43 0

21 2.75 -11 65 45 8 -
3
- 8.5 + 17 41 52

21 2.8 — 14 65 23 + 9 9 + 18 40 51

21 2.833 + 17 65 9 91 9-5 -19 39 51

2f 2.857 — 20 65 0 — 10 10 + 20 39 0

+ 3 3 + 6 + 9 + 12 + 15+18 63 43 + 11 11 37 15

31 3.167 -19 62 29 -12 12 35 50

31 3.2 -16 62 15 + 13 13 34 33

31 3.25 — 13 61 55 — 14 14 32 30

31 3.33 — 10 61 20 + 15 15 32 15

31 3.4 -17 60 53 -16 16 31 17

3-r 3.5 -7+14 60 15 + 17 17 30 30

31 3.6 -18 59 38 -18 18 29 42

31 3.667 + 11 59 13 + 19 19 28 56

31 3.75 — 15 58 42 -20 20 28 10
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Table II. Showing the numbers of reflexions from silver at which elliptically

polarized light is restored to a single plane of polarization, with the cor-

responding angles of restoration, and the position of the plane of restora-

tion in relation to the plane of reflexion, computed for 20 reflexions.

(For angles greater than the maximum polarizing angle.)

No. of Re-
flexions.

Integer Multiples.

Angle of

Restora-

tion.

No. of Re-
flexions.

Integer Multiples.

Angle of

Restora-

tion.

o 2 + 4-6 + 8-10 + 12-14 + 16— 18—20
o

73
/

0 H 3.8 -19
o /

82 8

21 2.111 -19 74 9 — 4 4 + 8— 12+ 16— 20 82 30

2+ 2.125 + 17 74 18 44- 4.25 + 17 82 58
2r 2.143 — 15 74 28 44 4.333 — 13 83 16

2.167 + 13 74 44 44 4.5 + 9+18 83 23
2* 2.200 — 11 75 0 41 4.667 -14 83 38

n 2.222 —20 75 12 44 4.75 + 19 83 45

24 2.256 + 9 + 18 75 26 — 5 5 + 10-15+ 20 84 5
2-2* 2.286 -16 75 43 51 5.333 -16 84 27
2£ 2.333 -7+ 14 76 2 51 5.5 + 11 84 38
24 2.375 + 19 76 19 51 5.667 -17 84 48

2£ 2.4 — 12 76 33 - 6 6 + 12—18 85 6
2-2- 2.428 + 17 76 44 65 6.333 -19 85 22
24 2.5 + 5+10+15+ 20 77 13 61 6.5 + 13 85 30

2* 2.571 -18 77 38 61 6.667 — 20 85 36

2£ 2.6 -13 77 48 - 7 7 + 14 85 49
OJ 2.667 -8+16 78 38 71 7.5 + 15 86 7
2-2- 2.7 1

4

-19 78 23 — 8 8 + 16 86 21
0.1
~*T 8.75 + 11 78 33 81 8.5 + 17 86 35
0 4. 2.8 -14 78 47 - 9 9 + 18 86 46
0 5. 2.833 + 17 78 57 9t 9-5 + 19 86 56
24 2.857 — 20 79 4 — 10 10 + 20 87 5

-3 3.0 + 6-9+12—15+18 79 40 -11 11 87 20
3£ 3.167 + 19 80 37 -12 12 87 35
3f -16 80 24 — 13 13 87 46

:H 3.25 + 13 80 34 — 14 14 87 56

34 3.333 -10 + 20 80 50 -15 15 88 4

3 { 3.4 -17 81 2 -16 16 88 11

3 J 3.5 + 7+14 81 19 -17 17 88 18

3£ 3.6 — 18 81 35 — 18 18 88 24

3 f 3.667 — 11 81 45 -19 19 88 28

3 3.75 + 15 81 57 — 20 20 88 33

The first column of the preceding Tables shows the smallest number of re-

flexions at which a pencil of elliptically polarized light is restored to a single

plane of polarization at the angle contained in the fourth column ; and con-

sequently the half of these numbers is the number of reflexions at which light

is elliptically polarized at the same angle. Thus at three reflexions the ray is
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restored to a single plane of polarization at 63° 43', and 79° 40', and conse-

quently at 1 ^ reflexion it is elliptically polarized at that angle. This is easily

understood when the number of reflexions is an integer ; but it requires some

explanation when the number is partly fractional. It has been already stated,

in page 301, that elliptical polarization may be completed at any fractional

part of a reflexion
;
and since it begins to be restored the instant the polariza-

tion is complete, and again begins to be elliptically polarized after every resto-

ration, the points of restoration may take place in the middle of a reflexion ;

and though we cannot possibly examine what takes place at these points, yet

the effect must appear when the fractional number of reflexions in the first

column has been repeated so many times as to become a whole number. Thus

a ray elliptically polarized by 1^ reflexion will be restored to a single plane

at 2-f- reflexions at the same angle. It will also be restored at X 2 = 3+,

and at 2-f- X 3 = 8, in which case its restoration will be seen at the eighth

reflexion at the same angle ; and also at the sixteenth and twenty-fourth. See.

90°

In this case the phase P will be -rr — 67^°, R = 33° 45', and <p = 11° 15',
l 3

from which we deduce the angles of incidence to be 63° 43', and 79° 40'. In

order to ascertain the existence of these points of restoration, I made the ex-

periment at five and seven reflexions as multiples of 2| and 2J, and I found

the angles to be for five reflexions 68°, and for seven reflexions 7

0

°, in place of

67° 54', and 69° 29', as computed from the formula.

The numbers in the third column, with the signs -f and —
,
are the integer

multiples of those in the first column, and show the number of reflexions at

which the elliptically polarized light is restored, the numbers being carried

the length of twenty reflexions. The sign + shows that the plane of the

restored ray is to the right, and the sign — that it is to the left of the plane of

reflexion. In order to determine the sign of the restored ray, we must consider

that in the same quadrant the signs necessarily alternate. Now at 73°, the

maximum polarizing angle, the signs are— 2,+4,— 6,+8,— 10,+ 12, &c. ; and I

have also found that all the integer numbers in column 1st, Table I. have their

signs + or positive, as +3, +5, +7 } +9, &c., and all the even numbers their

signs — or negative, as —4, —6, —8, —10, &c. ; whereas in Table II. all the

integer numbers are negative whether odd or even, thus, —3,—4,—5,— 6, Sec.



of incidence for one, two, &c. reflexions, B being- the point of 90°, and C that of

0 of incidence. The point D or the line A D is the point or line of maximum

polarization, viz. 7-3° for silver; and the figures 1, 2, 3, 4, 5, &c. show the points

or nodes, and their distances from C, the angles of restoration. The loops or

double curves lying between the points 1,2,3, arc drawn to give an idea of the

intensity of the elliptic polarization, which has its minimum at 1 , 2, 3, &.c. and its
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By setting out therefore from these points, and attending to the alternation of

the signs, it is easy to determine for any number of reflexions its proper signs,

whether it is a multiple of an integer or of a mixed number.

In order to illustrate this Table, I have here projected some of its results as

far as six reflexions. The concentric arches 1 1, II II, &c. represent the quadrant

c
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maximum at intermediate points. These points of maximum intensity do not

bisect the loops, or are not equidistant from the minima 1, 2, &c.
;
but such is

their relation to them, that the maximum for n reflexions is the minimum for

2 n reflexions corresponding to the same angle. Thus the maximum for one

reflexion, viz. 73°, is the minimum for two reflexions ; and the maxima for

two reflexions, viz. 82° 30' and 63° 43', are the minima for four reflexions.

The maximum may be found directly by computing the angle of incidence,

which corresponds to a phase intermediate between the two minima, within

which the maximum lies.

Having thus determined the various points of the quadrant, at which elliptic

polarization is produced, and at which it is destroyed, after any number of

reflexions ;
and also the position of the plane of the restored ray, I shall proceed

to investigate the cause of those brilliant complementary colours which accom-

pany these phenomena.

As all transparent bodies have different values of their maximum polarizing

angle, appropriate to the index of refraction for each colour of the spectrum,

it is reasonable to suppose that as elliptic polarization is effected at the maxi-

mum polarizing angle, this angle would vary for the differently coloured rays.

That this is the case may be easily proved by observing the angles of restora-

tion for homogeneous light after two reflexions. In silver the difference of

the angles for red and blue light is about 5° in the sun’s rays ; so that calling

73° the maximum polarizing angle for the mean yellow ray, the angle will be

70^° for blue, and 7H° for red light. Hence if we examine a pencil of white

light twice reflected at 70 ^-°, and place the principal section of the analysing

prism in the plane —39° 48 f

, the blue rays will disappear and the red will

remain visible. In like manner, at an angle of 73° 30' the red will disappear,

and the complementary blue will be visible ; while at an angle of 73° the yellow

will disappear and red and blue will be seen together, one on each side of the

place where the yellow has vanished. At angles of incidence greater than 7^\°

and less than 70^°, and also at intermediate angles, the blue or the red wil

still predominate in the pencil, the blue being in excess at all angles greater

than 73°, and the red in excess at all angles less than 73°. Such are precisely

the phenomena which take place, as will appear from the following Table.

2 TMDCCCXXX.
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Angle of Incidence of
the two Reflexions. Colours with ordinary Light.

O

63 . . Very pale yellow, growing whiter at less incidences

64 . . Pale yellow.

65 Pale saffron yellow.

66 . . Saffron yellow.

67 . . Paler orange yellow.

68 . . Orange yellow.

69 . . Reddish orange.

70 . . Tile red.

70^ . . Vermilion red.

71 • • Scarlet.

72 . . Bright pink.

73 . . Dark pink.

74 . . Deep China blue.

75 . . Indigo.

75-4/o 2 . . Pure bright blue.

76 . . Paler blue.

77 • • Whitish blue.

78 . . Blueish white, growing white at greater angles.

It is obvious from what has been already stated, that with homogeneous

yellow light the pencil will not vanish in passing from 73°, where it is eva-

nescent, to 90°, and 0° where it is also evanescent ; but the intensity of the

extraordinary pencil of the analysing rhomb will increase from 0° to half the

reflected light, from 73° to 82^°, and from 73° to 57° 16', and will decrease from

the same points to 90° and 0°. The same is true of the red and blue rays, the

former having its maximum intensity at an angle greater than 82^° and greater

than f»7° 16', and the latter at an angle less than 82^° and less than 57° 16'.

In order to ascertain the phenomena in homogeneous light, let us suppose

i hat polarized yellow light suffers four reflexions from silver, and let us consider

what should take place in the loop 2, 3 of the quadrant IV, IV. (See Fig. p.31 8.)

At the node 2, or 73°, the inclination of the restored pencil is +31° 52', and at

tin node 3, or 82° 30', it is —37° 22', and the point of maximum between 2 and

3 i> at 78" 8'. If at 73° we place the principal section of the analysing prism
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in the plane +31° 52' the extraordinary ray will vanish, and the light will

pass into the ordinary image; and if at 82° 30' we place it in —37° 22', the

same effect will be produced. At 74° a small portion of light will pass into

the extraordinary image, and this portion will gradually increase to 78° 8', the

principal section of the prism having been turned round gradually from

+31° 52' to 0°, as described in page 291. The ordinary and extraordinary

images now approach most to equality, and they vary in intensity according

to the same law in passing from 78° 8' to 82° 30', the axis of the prism having

now come into the plane —37° 22'. The very same phenomena take place with

red and blue light, only the points of restoration and the maximum occur at

different angles of incidence, so that the spaces between the minima have dif-

ferent lengths for the differently coloured rays. These spaces

or loops, therefore, will overlap each other, as will be under-

stood from the annexed diagram, where they are shown sepa-

rately, r r' being the red loop, y y' the yellow, v v' the violet

one, the points r, y, v, r', y\ v' the minima or nodes, and

a, b, c the maxima. When these loops are viewed superposed

as when they form white light, then the tint in the extraor-

dinary image will be white, minus the three quantities of

light that have disappeared from the extraordinary ray. At

the line m n, passing through the node of the red loop, the

red will have vanished, and the mixture of the yellow and the violet which

remains will constitute a greenish blue pencil, decreasing in its blue tint

towards a, and becoming pink, and then red towards t s, in consequence of

part of the light of the other red loop above r now passing into the extraordi-

nary ray. At v and at v\ where the violet disappears, the mixture of the yellow

and the red will form an orange pencil, which will be reddest at v and v', and

shading off to white at a. At the line s t the yellow vanishes, and across the

upper part of the luminous disc, there will be light with an excess of red, and

across the lower part of it, light with an excess of blue. This takes place with

even numbers of reflexions ; with odd numbers the blue light is uppermost

and the red undermost.

The phenomena of colour, as seen by white light, vary greatly with the

number of reflexions, both with respect to the depth of the colours themselves

2 t 2
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and the rapidity of their changes. In order to investigate the nature of these

variations, let us consider what will take place at 2, 4, 6, 8, and 10 reflexions

from silver in the loops above and adjacent to 73° the maximum polarizing

angle. The following are the numbers which regulate the phenomena.

Fig. 6.

No. of the

Reflexions. Nature of the Reflexions. Limits of the Loops.

Length of

the Loops.

Inclination of

the Plane, or <p.

a b . 2 . First of the series . 73 — 90 0 .

O t

17 0
O !

. 39 48

cd . 4 . First of the series . 73 — 82 30 . 9 30 . 37 22

ef . 6 . Multiple of 3 . . • 73 — 79 40 . 6 40 . 32 25

" hO . 8 . Multiple of 2§ . 73 — 78 8 . 5 8 . 27 53

m n . 10 . Multiple of 2^ . . 73 — 77 13 . 4 13 . 24 16

This Table may be illustrated by the annexed diagram, where A B passes

through the incidence of 90°, and C D through A g 3

that of 73°, the points m, g, e, c, a corresponding A

respectively with the incidences of 77° 13', 78° 8', II

79° 40', and 82° 30', or those at which the ray is

restored by 1 0, 8, 6, and 4 reflexions. The curvi-

lineal spaces a b, c d, ef, g h, and m n, are the

loops already referred to, whose breadths repre-

sent the intensity of the extraordinary ray, which

is a minimum at the nodes a
, c, e,g, m, and b, d,f,

//, ??, and reaches its maximum near the middle of the loops.

If the image reflected from the silver is a circular disc of white light of a

given magnitude, then by two reflexions at 73°, or at the point b the extraordi-

nary image will be red above and blue below, when the principal section of the

analysing prism is in the plane — 39° 48'
; but these colours will be very faint,

as the disc occupies but a small part of the loop a b. The disc indeed may be

made so small, that the extraordinary image will entirely disappear in this loop.

In this case the ordinary image will be white, as all the reflected light will pass

into it. At four reflexions the loop c d is little more than one half of a b, and

consequently the light will vary much more rapidly from d to the maximum.

When the analysing prism has its principal section in the plane —37° 22', the

extraordinary image at c will be coloured with red light above and blue below;

and when it is in the plane -f 31° 52', the extraordinary image at d will be

-s—

r

FD
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similarly coloured : The colours will be much brighter than in the case of

two reflexions, and consequently the extraordinary image will not vanish. The

consequence of this is, that the ordinary image is not white as before, but

yellow, because a considerable portion of red and blue light are left in the ex-

traordinary image.

As the number of reflexions increase, and the loops ef,gh, &c. diminish, the

disc will occupy a greater proportion of the whole loop, and the red and blue

colours with which it is crossed grow brighter and brighter, and come closer

and closer to their line of junction in the middle of the disc. Hence a greater

quantity of red and blue light is left out of the ordinary image, which on this

account becomes yellower and yellower, and at last of a greenish hue.

In order to determine the position of the principal section of the analysing

prism, when the extraordinary image is a minimum for any angle of incidence

«, and any number of reflexions, let X — the inclinations of the plane of

polarization of the restored ray at the nodes a, b ; m, n = the inclinations or

values of <p in the formula tan <p — ^ ^ suited to the angles of incidence

at the nodes ; x = the inclination <p suited to the incidence os.

Now it is obvious that at the one node, the position of the principal section

of the analysing prism, when the extraordinary image is a minimum, is +
and that it gradually changes to 0° and then passes to — thus undergoing a

change equal to while the inclination <p varies by a quantity equal to

m — n. Hence calling I the inclination of the principal section to the plane

+ 41 at the angle of incidence os, we have m — n : %|/ + x — m — x '• I-

Hence 1 = 4' + % (^)
When x — n, I =

When * = Tn^, | and I = t+*.
2 5 m — n 2 2

When the nodes of the loop are on different sides of the maximum polarizing

angle, which happens only in the middle loop of 3, 5, 7, &c. reflexions, then

m and n have opposite signs, and consequently their difference is m + n
,
and,

(

Tfl — x\

2
).

It is impossible to determine the relative intensities of the ordinary and ex-
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traordinary image at any angle a, because this must depend on the relative

intensities of the pencils by whose interference the elliptical polarization is

produced. In silver these pencils approach to equality, but in steel and other

metals they are very unequal.

Having thus shown how to determine the phenomena of elliptic polarization

for any angle of incidence, for any number of reflexions, and for homogeneous

light of any colour, I shall conclude this paper with some observations on a

very remarkable anomaly which has presented itself in the course of this

inquiry.

The phenomena which have been described, indicate very clearly that the

angle of maximum elliptic polarization for one reflexion, or the angle of resto-

ration after two equiangular reflexions, is the maximum polarizing angle of the

metal, and consequently that its tangent is the index of refraction, as shown in

the following Table*.

Names of Metals. Angles of Maximum Polarization. Index of Refraction.

Grain tin .... . . . 78 30 . . . . . . 4.915

Mercury ... 78 27 . • • . . . 4.893

Galsena . . . 78 10 . . . . . . 4.773

Iron pyrites .... oCOVN.
. . . 4.511

Grey cobalt.... . . . 76 56 . . . . . . 4.309

Speculum metal . . . . . 76 0 . . . . . . 4.011

Antimony melted . . . . . 75 25 . . . . . . 3.844

Steel . . . 75 0 . . . . . . 3.732

Bismuth . . . 74 50 . . . . . . 3.689

Pure silver .... . . . 73 o . . . . . . 3.271

Zinc . . . 72 30 . . . . . . 3.172

Tin plate hammered . . . . 70 50 . . . . . . 2.879

Jewellers’ gold . . . . . 70 45 . . . . . . 2.864

' This Table completely proves that the refractive index of metals cannot he deduced from their

reflective power; for silver, which surpasses them all in reflective power, stands very low in refractive

power. Mr. Herschel has noticed the difference between the indices of refraction deduced by these

two methods in the case of mercury, which he makes 5.829 as given by its reflective power, and

Ll<> as given by its polarizing angle. lie mrdees the index for steel 2.85. When we consider that

mi ' als reflect the light that enters their substance, it must be obvious that the quantity of light which
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This conclusion is not opposed by any of the phenomena, when we consider

merely the mean refrangible ray to which these numbers refer : but when we

use homogeneous light, a very strange anomaly occurs. The maximum angle

of elliptic polarization for red light in the case of silver is 75° 30', and for blue

light /0° 30', giving
Angle.

Index of refraction for red light . . . . 3.866 . . .
7°5 30

mean ray . . . 3.271 . . . 73 0

blue light . . . . 2.824 . . . 70 30

the order of the refrangibilities being inverted.

The perfect similarity between the action of metals, and the total reflexion

of the second surfaces of transparent bodies, promised to throw light upon this

difficulty. I accordingly examined the formula of Fresnel for total reflexion,

where the phase P is thus expressed

:

~ „ 2 m? (sin if — (

m

3 + 1 )
(sin if + 1

Cos P = —

—

l .
—

-v/ ,
.

From this formula it follows that when m = 1.51, and i — 54° 37', P will

be 45° for one reflexion, and consequently for two reflexions 2 P = 90°. If m
increases as it does for blue light, then the phase will be 45° at an angle of inci-

dence above 54° 37', that is, the circular polarization of the pencil will take

place at a greater angle of incidence for blue than for red light, which is the

reverse of what takes place in metals. Upon making the experiment, however,

with total reflexion, we shall find that the blue rays are circularly polarized by

two reflexions at a less angle than the red rays, thus approximating the two

classes of phenomena even with respect to this singular anomaly. Hence in

order to accommodate M. Fresnel’s formula to homogeneous light of different

colours, let m be the index of refraction for the homogeneous ray, and d the

difference between it and the mean index, then the formula for the phase P

„ 2 (m + <7)
2 (sin if — ((

m

+ df + l) (sin if + 1

will become Cos P = —

—

,) r
,((m ± df + 1 J (sin *)* + 1

they reflect is a function not only of their refractive power, but of their transparency, which will be

proportional to the intensity of the reflected pencil that has entered the metal. If this is the case,

the transparency will be proportional to the inclination of the plane of the restored ray after two re-

flexions at the maximum polarizing angle, and the order of the transparencies of the different metals

will be that of the Table, p. 294. See Mr. Herschel’s Treatise on Light, § 594, 845.
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the sign + being used for the red or least refrangible rays, and — for the blue

or most refrangible.

For the same reason, in calculating the phases of an elliptically polarized ho-

cos (i 4- i
1

)mogeneous ray by means of the formula tan <p we must deter-
cos (i — i

1

)
1

mine /' from the formula sin i
1 = the sign + being used for the red or

sin i

least refrangible, and — for the blue or most refrangible rays.

As the theoretical considerations upon which M. Fresnel is said* to have

constructed his formula, did not present to him the above anomaly, it would be

in vain for me to seek an explanation of it. I may just mention, however, that

at the second surfaces of bodies the angle of maximum polarization, or tan —

is necessarily less for the least refrangible than for the mean rays, which is the

reverse of what takes place at the first surface ; and since the limit of total re-

flexion whose sine is or since the sphere of circular polarization commences

sooner for the least than for the most refrangible rays, it might be expected

that the angle of maximum circular polarization should be less for these rays,

as I have found to be the case.

Although we do not understand the nature of the forces by which metals

reflect the two oppositely polarized pencils, yet they act exactly like the

second surfaces of transparent bodies when producing total reflexion. Setting

out from a perpendicular incidence, the least refrangible rays begin to suffer

the double reflexion sooner than the mean ray, and they sooner reach their

maximum of elliptic polarization, thus exhibiting the inversion as it were of

the spectrum, which we have noticed.

The theory of elliptic vibrations as given by Fresnel, will no doubt embrace

the phenomena of elliptic polarization; and when the nature of metallic action

shall be more thoroughly examined, we may expect to be able to trace the

phenomenon under consideration to its true cause.

Allerly, February 19///, 1830.

'
I am acquainted with M. Fresnel’s formula only from the account given of it by Mr. Hersciiel.
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XXII. Researches in physical astronomy. By John William Lubbock, Esq.

Fellow of the Royal Society.

Read April 29, 1830.

In the first volume of the Mecanique Celeste, Laplace has given expressions

for the variations of the elliptic constants, which are true when the square and

higher powers of the disturbing force are neglected ; and he has proved, upon

the supposition that the planets move in the same direction, in orbits nearly

circular and little inclined one to another, that the eccentricities and inclina-

tions vary within small limits, thereby demonstrating within these conditions

the stability of the planetary system. But these conditions are not necessary

to the stability of a system of bodies, subject to the law of attraction, which

obtains in our system. I have given in the following investigation the expres-

sions for the variations of the elliptic constants, which are rigorously true

whatever power of the disturbing force be retained ; and it is easy to con-

clude from the form of their expressions, that however far the approximation

be carried, the eccentricity, the major axis, and the tangent of the inclination

of the orbit to a fixed plane, contain no term which varies with the time

;

their variations are all periodic, and they oscillate therefore within certain

limits. This theorem is no longer true if the planet moves in a resisting

medium.

I have also given some equations which obtain when an angle is taken

for the independent variable, which in the elliptic movement is the eccentric

anomaly, which are of remarkable simplicity, and which, as far as I know,

have never been noticed, and the development of the disturbing function

R to the quantities involving the squares and products of the eccentricities

inclusive.

2 uMDCCCXXX.
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Let .r, y, z denote the rectangular co-ordinates

r distance from the sun

r' distance from the sun projected

upon the plane x, y
*X longitude reckoned upon the plane

of its orbit

X' longitude reckoned upon the plane

xy
s tangent of the latitude

v .... a variable, which in the elliptic the-

ory is the eccentric anomaly

in .... the mass

a semiaxis major

e eccentricity

7S longitude of the perihelion

g longitude of the epoch

v longitude of the ascending node

i inclination of the orbit to the plane

xy
a .... a* constant quantity which accompa-

nies v

M ... . the mass of the sun.

^of the planet m.

M + m — p, — n.

x = r cos X', y = r'sin X', z = r s, and in the elliptic motion r'
2d X' = h d t.

R = m
l

— m,

{

{

xx
i + yy\ + zz

i l \
{x? +y? + s?

}*
{ (* — xif + (y

-
j//)

8 + (* - z,)
2 }* J

r'{cos (A'— A',) -f ss,} 1
__

r * ( 1 + si*)r |r'
2
(l +s2)—2rV,{cos(A'— a',) + ss,}

' Laplace uses the letter v to denote longitude, u the eccentric anomaly, and <p the inclination of

the orhit to a fixed plane
;

but as v is very frequently used to signify velocity, and <p geogra-

phical latitude, and as the letters of the Greek alphabet arc generally used for angles, I have taken the

letters A, u, and i for these quantities.
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= —

r/Vl 47̂ ^ 1 + 3 cos
(
2 x> “ 2 V) + 1 2 5 5y COS (X' — A/) — 2 5

s
}

r
'3

+ {3 (1 - 4 s
2
) cos (X' - X/) + 5 cos (3 X' - 3 X/)}

r' 4

+ g^s {9 + 20 cos (2 X' - 2 X/) + 35 cos (4 X' — 4 X/)}

/dR\_
m $

cos(x
v— X/) + ss, r (1 + s

2
)
— r] {cos (X

v— X,') + ss,} -»

\dr/ ' f r/
2
(1 + sfY {r'

2
(l + s

2
)
— 2r'r/ {cos(x'— X,') + 55,} + r,'

2
(l + s/)}^

J

/d i? \ f r sin X'— X,'

idlj-- w4 r;2(i+^~{
r' r] sin (x' — X

;
')

f r
'

s
im. < — —

l ?’,'
2
(1 + s,

2 +

r'
2 (l + s

2)— 2 r'r,' {cos (X
v— X,') + ss,} + r,'

2
(1 + s

i

r* s — r r, s
i

/)}*}

r

i

^p}\ d s / 1

\ r 'z
^

i

_j_ 5 2j4

~r
|
r^ (i + s

2)— 2 r r,' {cos (x'— X,') + ss,} + r,'
2
(1 + s/

Let P be the place of the planet m, S the place of the sun, S N the intersec-

tion of the orbits of m and mp S L the line from which longitudes are reckoned,

P,\ the projection of P, upon the plane of the orbit of P ; then if the plane x y
coincide with the orbit of m, S P = r, P S L = A, N S L = v, P, S N + N S L
= a„ p;sl = x;, s p; = r,\ s p,

= r, = *•; (i +^
f SP x SP, cos PSP, 1

=. mAR
SP,3

+

{S P2 - 2 S P x S P, cos P S P, + S P

s p - s p; cos p s p;

/>*}

{s p2 - 2

s

p x s p; cos p

s

p; + s p,

SP2 - SP x S P, cos PSP,

/}*}
Yd^ f sp;cospsp;
Vdr/— m

‘\ SP,3

/d _ f SP x S P, cos PSP,
\dr)— m

‘\ SP,3 +
{SP2 -2SP x SP,'cosPSP; + SP,

fdR\_ f SPx SP,'sinPSP,' SP x SP/sinPSP,'
I i.l —— 771 . n ? —

rA

\dx/ V SP,3

\ d s / 1

{s p2 -2 s p x s p; cos p s p; + s p,

s p x p, p;

Z

3}"}

SP,3

VI
4-

}{s p2 - 2 s p x s p/cos p s p; + s p;

cos (A — A,) = cos (A — v) cos (A, — v) + cos i sin (A — v) sin (A, — v)

= cos2 ~ cos (A — A,) + sin2 ~ cos (A + A, — 2 v)

tan (A,
N — v) = cos t tan (A, — v)

. . , x cos t tan (X, — v)
Sin (A. — v) = t ^ —

riv 1 '
(l + cos2

» tan2
(x, — v))%

2 u 2
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x .
l

CO.. (X,
) ^ -{- cos3 » tan9 (A

(
— v))i

r r
(

' sin
(
X — X]) = r r'

t
{sin X cos X] — cos X sin X

y }

cos X' = cos (X
;

v — v) cos v — sin (X

,

— v) sin v

\ (Ay — v) cos v — sin (Ay — v) sin v ^1 — 2 sin3COS I

sm v

(1 — sin3 1 sin3 (Ay — v)^

cos Ay + 2 sin3— sin (Ay — v) sin v
JU

(l — sin3 1 sin3 (A
;

— v))i

sin Xy' = sin (X
;

' — v) cos v + cos (X
y

' — v) sin v

sin (Ay — v) cos v ^1
— 2 sin3 + cos (Ay — v) si

(l — sin3 « sin
3
(Ay — v))+

sin Py S P' = sin i sin (X
;

— v), r] = r
l

cos Py S P,' = r
{ ( 1 — sin2 1 sin2 (X

;

— p))
1

therefore,

r r
;

' sin (X — X]) = r r
t

|
sin (X — X

y) + 2 sin2~ sin (X
;
— v) cos (X — v)

J

= r Ty

|
cos2 y — + sin2 s*11 (*• + X, — 2 v)

j-

similarly it may be shown that

r r] cos (X— Xy') = r r
l

|
cos2 •— cos (X — X

y) + sin2 cos (X + X
;
— 2 v)

j-

s p _ g/(l - e?) _ ai( l - g
/

9
)

1 1 + Cy COS (PySN+N8L — OTy) 1 + Cy COS (Ay — OTy)

d 3
or ftx /(LR\ /d^\ _ d3

* pz /d.RA _
T? + r* + \dx) ~ °’ r3 + Vdj// “ d^3+ ^ + Vdlj “ 0

r * d a'

*

+ d r'9
( 1 +S3

) + 2 r' s d ?•' d s -f r'
3 d s

3 2 jtt

+ ^- + 2/dft = 0d^
r'(l + s

3
)’

d /£ being the differential of Ii with regard only to the co-ordinates of the

planet m.

+ (

d

a?)=°
d* r ( 1 + s

;

)
— r d a'

3 + 2 s d r d s -f r s d3
s p

d/3

d.
r'

3 d A'

r'(l + s
3)*

/d R\
+ U) = °

_At_

d t

r s d' r + 2 r d r d s + r'
3 d 3

s

d (* + -
i H~

(1 + s'J-f V ds /



IN PHYSICAL ASTRONOMY. 331

+ mTTT* + r'(^) “ s (^f) - 0
r'd¥-r'2d X'

2

d? t
r'(i + S2)§

r'
2 d2

s+ 2r'dr'ds— r'2sdx'2
,

/diJ\ v /d Z2\

d?— + 0 +

*

2
) (dr)

- r 9 \i?) = 0

d 2
.r'

2
(l + s

2
)

2d£2 + -t + 2/diJ +)'(^)=0
r'(l + s

2
)
1

Making X the independent variable instead of t,

d2
r' dr'd2

2 vo dx'2

j?- 2 w- - r .ts +

dx*
-'4

d^2
' r'(l + s

2
)
4

= h2 — 2 d x', A being a constant

= -»•" (df) - 1 *'
. yo j s

dx'2 y. dx'2d2
£

4r dr

d*.i

{-d^ + ?} {
1 - I/-'2

(if) d> '

}
- *» (1 + s.)i

-iHd
3#)-(TO)-H

d
al)TO} = o

{to» + s
}{

1 -|/-'2

(to)^'}

+ f{o + ^)(to)-'-'(to)-(to)to}=o

When the disturbing force is neglected

l
d2

.

d.r'
2dx' r 1

J ' ,a y ~ km + S2)i

V- n d*
s

i- °>
d~T~2 + 5

d*'
—

dx'

of which equations the integrals are,

r'
2 d ?' = hdt, y = {(1 + s2f + ecos (X

s - ar)

j
s = tan / sin (X.' — v).

If dt = \/l r' d v, and v be taken for the independent variable

x
dV v

d2
t v, dx'2

r -r dr tt

,

—

r

2 +dt2 d t
3 dt2

~
r'(l + s

2
)
4
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d2 * = (“)’dr'do

ds ?' / d.r's\ 2 a
v
/d B\ /dJ?\l

j~*+ Uair) - pT^t + r +7{V^^ + rAd7') -Hd7)j =°-

If the orbit of the planet m coincide with the plane x y, s is of the order of

the disturbing force, of which therefore neglecting the square, r
s = r, X

x = K

^- a + r+ ‘S{ 2fAR + r (^)} =(,

When the disturbing force is neglected, the integral of this equation is

r = a { 1 — e cos (u — a)}, v being the eccentric anomaly.

n t + s — ts — v — a — e sin (u — a)

X — OT
tan = {mV tan

If Q be put for the quantity
^ 2J*d R + r

( jy) j* and the constant a,

which may afterwards be replaced, be omitted for the present,

r = a {1 — e cos v} — sin vj'a cos v d v + cos vf

a

sin v d v

d t =A!{ a { 1 — e cos v }
— sin „/q cos v d v + cos ofQ sin u d

y j- d.

nt + g
— -is = v — e sin v—

^ {/« d v — cosf2 cos v d v — sin vfQ. sin y d
y |

If v = f (n t + £ — «) in the elliptic theory, then neglecting the square of

the disturbing force,

= f (n t + g
— -a) +

d.f(?i£ + e — ot)

d t ;{/« d v — cosvf3 cos v d v — sin vfQsiny
j

dy

If £ v, h r denote the values of those parts of r and v which are due to the

first power of the disturbing force,

d v — cos vj a cos v d v — sin vfQ sin y d
y J

or = a e sin v S v — sin vf

Q

cos udu + cos vfQ sin v d v

= z / Q {e — cos u} d v — , / V sin v d v.
1 — e cos uJ 1 ’

1 — e cos vJ *

In the elliptic theory,

ii d t cos o — e
d o =

1 — e cos v 1 — c cos u
= COS X,

sin u (1 _ e*)i
± L — sin a

1 — e cos v
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therefore,

ancos\Jrsm\ {*/«+' (aDJ* t— a nsmxfr cos\

hr = - —
mi - e%y

which is the equation X of the Mecanique Celeste, vol. i. p. 258.

2 r 2d A' r'*d A 2

Multiplying the equation of p. 1 1 4, 1. 2, by -^ ,
and integrating,

^ 2

-}- 2Jr
'2
( =K2

, if h2 = h0
2 — 2Jr

'2 (^) d h being variable,and hG the

value of h at a given epoch, h d h = — r
'2 d X

v

, r
2 d A' = h d t, and making a.'

the independent variable instead of t, 2 r' d r' d A' = d h d t + h d2 t

x d
2 r r'dr'd2

^

r
d*3 ~ d t

3

r2 dA'2 ^
“T" T

• -v ,

N /d2r"\ r'dr'
r

\d£2
/ hdi

dt

df n r\l + s
3
)

2r'2dr'2dA r'
2dA'2

^ d^3 d*2
~

I nr'l

s (d R\ (d R\
+ r (d?) -Hd7) = °

d*A

dA'2 H~ r
'

r'(l + 32)'

3
r f ,/diE\ /d£\ 1 (dR\dr

\ _
A2

(
1 +s2

)

t “ A2 |
r VdrV

~ S
\ d s) r VdW dA'J

“ U

d 2
s

dA^2 -H
s {(X + ,2) (^f) - ,(%f) - (

d

af) a4} =0

If all the constants in the elliptic integrals are supposed to vary, subject to

the condition that they still satisfy these differential equations, and that the

• d v d s
form of the first differential coefficients remains unaltered,

i
d.

dA'

/X cos

h?

d s 1 d ^— e sin (X' — zs) > , ^ = tan t cos (X'— v)
(1 +sqi dA'

— 2 {(1 + s2)* + e cos (X' — zs)} {h2 sin i d / + cos t h d h}

+ h2 cos i cos
(
X' — 73-) d e -f- h2 cos i e sin (X' — w) d rs = 0

^
f s tain cos (a' — v)

\ (1 + s
2)*

— h2 cos i sin (X' — tz) d e + h2 cos i e cos (
X' — w) d zs

cos i s r 2

f .
,

. /d R\
,
(d R\ (d R\ /dA] , .

—
(
TT7jT {

0 + (dl) - r
( d?) ~ ( dv) U') j

d x

— e sin (/,' —
®) ]

{h
2 sin t d t + cos t h d h }
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sin (X' — v) ~~i — tan < cos (K' — v) d v = 0

cos ^5

+

tan * sin (
x'-

") d " +^ {

(

1 +^ (^f)
- * (a?) -© (s)} d,'=°

h d h = - r 2

(^,) d V

Whence by elimination,

fi
2 cos / d e + 2 |

(l + S*Y cos (V — sr) + e —
tan is cos (A'— v) sin (A'— ot)

(1+s8)* }

[
sin, cos* , ;•’* cos(X’-

v) { (1 + «•) (^f)
-

* (^)- (^£) (®) }
+ cos, r'* (|f) }

d
X'

+
s cos i r'

4
sin (A' — -sr)

(i + s*Y

It
1 r .

H sin
1

/X cos I

{ (1 + *2
> (ax) - (a£) - (tO (a?) }

d

h2 cos / e d vs + 2^(1 + s2Y sin ( — sr) -f-

s tan i cos (A' — v) cos (A' — zr)
'J

(1 + *¥ J

|
sin , cos® , r'

2 cos (X'-
») {

(1 +s2
) (^f

)
-*(x[f) ” (af) (£0 }

+C°s»-'2(cfx) }
d,:

+i2)
(

d
|)-/(^) - (^)(-)}dx

(1 + s
2)*

A8 r

/X cos r «• <V -) { - s (i?) - i® (£) }
d v =

o

,
r'

2 cos i
2 cos (a'— v)

a < -j- is
h*

j ,
r

'9
sin (A'— v) f,, , nN /d 72\ /d E\ /diA/ds\1 , .

’ + -75—
{
0 + **> 1 dl)

~ s (a? ) - (dXV vTa) }
d * = 0
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If x = r cos X

(1 + s
2)*’

d s
2

y = rsinX

(1 +s2
)
v

’

rs

(1 + s
9)*

d ’', + rr?(nr? +d ^)
dt3 T + ^ + 2 d̂ /l> — 0

d2 r

d? 1 + s
2 d ^ r3 ^ \dr/

r3 dx'

1 + s
a ‘ d t

dt
,

/.d 22\

+ Cav) = 0

r2 d2
s + 2rdrds- f

r sd
f + r2 sdXV2

(1 +S2
)

d*2 + (1 + s2)
2

(^jf)
= O

Of which equations the integrals are

I
u. cos

l + 5
» • d X

v _ h d t,
r — Aa ^ + $r»{ (1 + «9

2
)
2 + e cos (x' - «)

j

s — tan i sin (X
v — v

)

If d t — \J- r d y, and v be taken for the independent variable

a + r + ~ {‘i/AR + r (^f) j
= 0

r = a { 1 — e' cos (y — a)} in the elliptic motion.

e' is accented for the present in order to distinguish it from e.

If the constants in the elliptic integrals are supposed to vary, subject to the

condition that they still satisfy these differential equations, and that the form

of the first differential coefficient -7- remains unaltered.
Cl If

7

rdudfl
, f~a 1 , rd3 r rdr3 rdrd?t

d ' = !7^ + Vi: lrd "- aK=Jf-Tr
d2 r . ,

a r2 /d R\ dr da
d^ - a + r + — ) - 2^5 - 0

(l — e' cos (y — a)) d a — a cos (y — a) d e' — a e' sin (y — a) d a = 0

d sin (y — a) d a + « sin (y — a) d e' — a e' cos (u — a) d a

2 xMDCCCXXX.
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<z r3 /d , .a2 e . \ a t> a
+ T \dT/ d y + T sin (u “ a) d R = °

i
2a2

da = d it
V-

d e' = {2 e' — 2 cos (y — a) — e' sin (y — a) 2
} d R — sin (y — a) (^~) d y

e d a = — sin (y — a) {e
1

cos (v — a) —
- 2} d i? + ~ cos (v — a) d y

J*ti d f + e - vs — v — a — e' sin (y — a)

d g— d ns = — d a — sin (y — a) d e' + e' cos (y — a) d a.

The equation of condition which obtains between the constants a, e, ns, v, i

and h may be found from the equation

dc
_ la + JL = 0

r a

dr2 h2 2 u. u,

d tf

2 1 r2 cos r r ' a

which gives

^ cos_»_

I
p ^ g

.

n2 ^ ^ { i q_ e cos („_sr)} {1 _ e COs (i> — w)}|
, + ~ = 0

hr

Equating the values of r which have been found,

= a { 1 — e
1

cos (y — a)

}

7i
2

v/

1

+ s
2

/x cos »
2

{ 1 + s
2 4- e cos (A — ct) }

since the origin of the angle v is arbitrary, we may suppose X — nr = 0, and

v — a = 0 at the same time,

so that
1? */ 1 + tan j

2
sin (-cr — v

)
2

= a (1 — e')

fj.
cos »

2
{

y'' 1 + tan »
2 sin (ot — v)

2 + e}

All the equations which have hitherto been proved are rigorously true,

whatever powers of the disturbing function be retained. They are susceptible

of simplification when the square and higher powers of the disturbing function

are neglected : in this case, if the orbit be supposed to coincide with the

plane x ?/, tan / = 0, and if the longitude be reckoned from the perihelion of

the planet P,

h2 d e + {2 cos X + e + e cos X2 } r2
( jyj d X d

—— \~^) d X = 0
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h2 e d 7S -f {2 + cos X} sin X r2 d X — h2 r2 cos X (~j~) d X = 0

, . a cos (X — v) /d R\ .

dl + ^-V“ (dl)dx = 0

d, + r2 _I_^—)dX = 0

by equation, p. 336, line 12, [h a (1 — e2) = h2
, and by equation, line 17, e — e'.

de = -^^2e—-

2

cos (u— a) — e sin (u — a) 2 j> d R — ~~ sin
(
u— a) ("j—) d v

edo!=y|e cos (u — a) — 2 sin (u — a) d R + — cos (u —• a) (^r) d v

J'n d £ + £ — 73 = t» — cs — e sin (u — a)

ds — d 73 — — {1 — e cos (u — a) } d a — sin (u — a) d e
i

d t - d » = - a,
-

v\ d. -
{ a(1

r

_^ + 1 }
sin (U — «)de

Z
4 = a { 1 — e cos (u — a)

}

1 4- e cos (x — ot)

d « = ~ cos (X - w) + e + e cos (X - n)zj (i|)

a? ndt V l — e* • \ /d -R\

. r sin (X -

e d t

<

r =

f
4

f=i {
2 + e cos (x - ®)

}

sin (* - w
) (ttx)

. a2 n d £ V 1 — e
2

/. \ {d R\+ COS (X - nr)

d £ - dnr = - ynr^dnr + ff
n{ 1

(^)v
p { 1 + e cos (X — ra-) }

V d r /

If the longitudes be reckoned from the perihelion of the planet P,

d« a n (cos X + g) /dR\ _ 7n,a^n V 1 — e1 j" rj sin A/ r sin

dt
f
4

-v/ 1 - e2 V"dX/ ~ p | r
;

3 ~*~{
rs_2rr/

sin X — r, sm X,

cos (X — X/) + r
/

'2 }^'

2 x 2
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d an sin A / d R
d t /x

sin A /d 7?\ m
i
a~n \/ 1 — e- f r] cos A/

.

r cos A — r/ cos A/ ")

1 — e* ' d * ' p- 1 r/* {r2 — 2 r r
;

' cos (A — A
;
') -f r

y

2
}^ j

/

and since ra d / = — d y,

d e r (cos A + c)/ m
t
ar V I — e~

ll o
i* V l - <?* 'vdA /

P-

e d tar r sin A (iE\ ,
m, a r */ 1 — e

do
~ 1i-H> \d A/ "T

P'

d e — d rs r4 d vs C

1 _ f r
y

' sin A,' r sin A — r/ sin A,'
|

1 r
/

3

{r2 — 2 r r/ cos (A — A/) + r/2 }^ J

,
2
)
+ 1

1 . d^

\
Smv dl

9 n9

d a = - — d R

and since r2 d X = a (1 — e2
)
d t = a 1 — e2 r d v

d
<

,
c v' 1 — e

2 r cos A /d

do T“ £ Vd s) ~ 0

d y . a v' 1 — e
2 r sin A /d

dT + ^ l d77
= °'

The last six equations serve to determine the perturbations of a comet.

Let (A e)
n
be the variation of any element e during the variation A v of v

at any given epoch n, neglecting the square and higher powers of A v,

If the values of (A e) be calculated for the epochs 0, 1, 2 , . . m corre-

sponding to the values v, v + i A v, u + 2 i A v, &c., differing from each

other by i A v, then the whole variation (S e) of v corresponding to the varia-

tion i A v of v

= i {(A c) 0 + (A e)
l + (A

+ '4-’{(A (*«).} - {(**«). - (A««),} + &c.

= i{d-:) + G-:)
. . .

.

L
vu V/

Q
\U U/

J

.
i — 1 f /d e\ /d <?\ ")

+ 2 ( ( d o)m ~ (d^)
0 /

A v - (*-!)(»'+ 1) f A (de\
12 i \

^
\d vjm
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When the interval A v is indefinitely diminished, i A v is still equal to the

variation of v between the epochs for which the quantities &c.

are calculated, and

S e = i A I.

| (^) o
+ +

-f2 {A (rO.- A (r0
o} + ^-}

If the radius be taken for unity, and i A v is the mth part of the circum-

2 X 3'14159
ference ; i A v = ———, or, in other words, the resulting values of § e and

§ a in the equations given above must be multiplied by 2 X 3.14159, and di-

vided by 360° expressed in the same unit as i A v.

n is equal to the angular circumference divided by the periodic time ex-

pressed in the same unit as t ; so that if a degree be taken as the unity of

angular circumference, n = 360° divided by the periodic time expressed in

the same unit as t.

In the elliptic movement or first approximation

©,., + T{©,-©,}

\ — n t z a series of sines of arcs multiples of n t &c.

\ = w, t + z
t + a series of sines of arcs multiples of n

l
t &c.

~ — constant + a series of cosines.

s = a series of sines.

s
i
= a series of sines.

These values being substituted in the equations of p. 334 give ^ and

2Y each equal to a series of sines without any constant quantity, and ^
and each equal to a series of cosines + a constant quantity.

In the second approximation the values of X, r and s retain the same form
;

and it is easy to see from the form of the expressions for &e. p. 334,

that the form of the values of these quantities is not altered however far the

approximation be carried.



MR. LUBBOCK’S RESEARCHES340

If the sun or primary be a spheroid, a the angle which the plane of the sun’s

equator makes with the plane of the orbit of the planet ; and if the longitude

be reckoned from the line of intersection of the sun’s equator with the orbit

of the planet ; R is increased by the quantity c
3 &m

-

w x—

-

1

j. }
c being a

constant dependent upon the figure of the sun ; but the partial differential co-

efficients of this quantity, which are introduced into the values of d e, d «r, &c.

do not change the form of the expressions for those quantities.

If the planet move in a medium which resists according to any power n of

the velocity, if c be a constant and v the velocity, the term 2 cfv 71 + 1 d t must

be added to 2/dR,

{o+VaHr'4;} to GS),
d A' . /d R\

C V

cv

n — 1

« - 1
r*'2r 4

dT to and cv n i
r —— to

d t

in the equations of p. 330.

If the orbit of the planet be supposed to coincide with the plane x y, so that

s = 0, then by the equations of p. 337 after reductions

tl a = — 2 c a2
-f 1

+ ecostq

\ a / 1 — e cos u
J

71 + 1 ,, s~
2
~

(1 — ecos u)
do

n — 1 n — 1

de = - /
;

— (Inf)

d=r = - 2c(^ VIE

2

\ a / 1 — e cos v
J n

cos o d o

sin v d o

71—1 71—1
i „ / /x \ o f 1 + e cos v ~) -

77
—

sin v C 1 — e3 cos v
~)

.de-dsr = 2c - 2
< t-2 >

2 —
- i >d u

\ a / [1 — e cos v
j

n
(.

e J

The form of these equations differs from that which obtained before, now

the variations of e, -a and e are periodical, while that of a has a term which

(J £
varies with the time, contains only odd powers of cos o and for that reason

has no constant term. The periods of the periodic inequalities of all the elliptic

constants due to the action of the resisting medium are fractional parts of the

periodic time of the planet.
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COS V

sin v

cos v

ios v

If the origin of t coincides with the instant of the perihelion passage, by
Lagrange’s theorem

= coSnt-esmnP-^.^^ - -fL
2 d.nt 2.3' (d .ntf 2.3.4. (d .nt3

-smnt + e SmntcoS nt+~ d
-

: sin ” 1
*

* + ^

• .9 1 — cos 2 nt
sin w t2 =

g , sm n =

d . »

t

t 2.3 (d . n *)
2

3 sin t? # — sin 3 n £

— &c.

e* d3
. sin nt* cos nt

2.3.4- (d.nt)3

sin n P =

d . sin « ^
d.

d . sin n t*

d.nt

d . sin n t
b

d.nt

d* sin n t
13

(d . n if

3 - 4 cos 2 n t + cos 4 n t . lOsin n t~5 sin 3 n t + sin 5nt
8 ’ sm n $ = —

3 cos nt — 3 cos 3 n £

4

2 sin 2 n t — sin 4 n t d2
. sin n t*

2 j ty = 2 cos 2 n t — 2 cos 4 n t

10 cos n t — 15 cos 3 nt + 5 cos 5 n t

16 ‘

- 10 sin n t + 45 sin 3 n t — 25 sin 5 n t

16
~

d3
. sin n t

b

(d.nt)

— 10 cos nt + 135 cos 3 nt — 125 cos 5nt
16

"

= cos rc £ —• — cos 2w/ - y|
3 cos nt — 3 cos 3nt

}-o{ 2 cos 2nt—2 cos 4
j

g*
f — 10 cos + 135 cos 3 n/ — 125 cos 5 n/ }~ 2.3.4 \ 16 J

If the origin of the time does not coincide with the perihelion passage, n t

+ £ ® must be substituted for n t, but as s always accompanies n t, it may
be suppressed at present for convenience, and afterwards replaced.

fi 3 „ 5 e* 1 , „ e e f

\
8~ e

192 j
C0S

(W — + ~2
|

1
3~

j-COS(2w/ — 2 sr)

+ T 1 - e2 jcos(3rc*-3sr)+ ^cos(4w^-4 nr)-|-~e4 cos(5w/-5 nr)

sin ». /2 nos n /
d • sin « t

3 cos n t — cos 3 n t d . sin n t- cos nt — sin n t + 3 sin 3 n t

3 d.nt
~

4 ? d.nt “ 4
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d.sin?i£* 2 sin 2 n t — sin 4 n t d.sxwnt3 cosnt cos 2 n t — cos 4 n t

sin ;? fi cos >it= -^J-^r = 8 d . n t

d* . sin n t
3 cos n t

(d . n tf

sin ti t* cos nt =

= — sin 2 n t + 2 sin

d . sin n t
b 2 cos 7it — 3 cos 3 n £ + cos 5nt

5d.nt ~
16

d . sin n t* cos n t — 2 sin n t 4- 9 sin 3 n t — 5 sin 5 nt

d.nt 16

d' . sin n t* cos nt — 2 cos n t + 27 cos 3nt — 25 cos 5nt

(d . n ty
=

16

d5
. sin n t

4 cos nt 2 sin n t — 81 sin 3 n t + 1 25 sin 5nt

(d . 7i ty

sin u=sinw /+-2 sin 2 nt+

16

-sin«£ + 3 sin 3 nt 1

o {
— sin 2 w^+2sin 4nt}

J 2.3

+ 2.3.4 \

2 sin nt — 81 sin 3 7it + 125 sin 5 nt

16 }

and replacing n t by n t — nr

sin v = |
1 — ~ e4

}
sin (n t— nr) + {

1 — 2 ~
j

sin (2 n t — 2 nr)

+ 1^- it*
e1 }sin (»<-») 4- -£* sin (2 w £ — 2 nr)

« f 1 5 4 e
3 125

-1——
<J

1 — e2 > sin (3 w t— 3 nr) + g- sin (4 w <-4ro)-f e4 sin (5w/— 5nr)

4- ^ c4 sin (3 w # — 3 s)

cos (u+ nr) = |l — 4- jcos cos nr 4-

j

1
—

*ff j
cos(2w*— nr)

o c 3 4 c3 125
4- — e2 1 e2 > cos {3nt— 2 nr) 4- cos (4 w 2— 3 tst) 4“ 334

e4 cos(5 — 4 nr)

e* r e* ) e3 9— —
-j

1 — > cos (n t — 2 nr) —
-J 2

cos (2 w * — 3 nr) — jgg
e4 cos (3n/-4 nr)

C e* e* "1 € e ( €*"
1

sin (u+nr)=
j

1 — j + ^ > sin n t — sin nr 4- j j
1 -

-g j
sin(2n*-nr)

o r a ) ^3 125
-P e2 < 1 — — e2 > sin (3 n t— 2 nr)

4

~
-3

sin (4 n t— 3 nr) 4- jg^e4 sin(5 4 nr)
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/ 6^ \ • 6^ 9 ,

+ -g- ^1 — ^ ) sin (nt—2tt) + y^ sin (2nt—3zs) + jyy
e4 sin(3w£— 4sr)

(

€^\ C C 3
1— -y- ) cos (nt—2i&)— y cosar+-y cos(2rc£— 3w)-|--g-e2cos(3rc£— 4w)

—

^cosnt

(

C
2\* € • € • 3 .

1——

)

sin(w£— 2sr) +yysinOT+-2-sin(2w£—-3i<r)-l--g-e2sin(3w£— 4sr)+ -y-sin^

rcos X= rcos (\— sr) cost;?— r sin (X— zs) sinsr= a { (cosy

—

e) cossr— ( 1 — e2)*sinysinw}

rsinA= rsin(A— zz) cossr+ rcos (?i— zs) sinsr= a { (1— e2)zsinycosw+ (cosy— e) sinsr}

r cos X = a
|
^1 — -y- — y^ cos (y+sr)— ecosw-f- y- (l + -y-^ cos (y— sr)

j>

rsinX=a j(l — — — e

^j sin («+») -esinsr- +
-y-) sin(y-ar)

j

r COS A

r sin̂ =•{(»-?- £)Z T

+

f (* - I <2

) sin
(«->

+ T «* (‘ - «s
) s°n (3m*- 2®) + Tata + ii ^“n (•’»*#— 4^)

1 TO + T) “n (X-Sw) + £~ (3X-3.) +4 ^“S
(3M<-4,)&c.

}

. s,°n
:

{ O'~Y~k) O'-1"w) sin
(»<-"/)

7 T* 0 “ $)“ («/—)+ T 0 - T<# - I) sin (»-V-»)

+ f«
2
(! - «2)(> - 2) sin ^

+ SH«*5b It 0 +t)0 -Dsin («*+*- 9-)

7 £ sin (2n«+«/- 3®) 7 ,7 e
'1

3 /. c2 \ cos , . \ - 9 cos /- 2- e
/

- ¥j sin (K<-^ + T ee
< sin ("-"i)

- T e e
, (• - f e2

) sin
e2 e,

'?s (3n<-2*r-nr,)

2 YMDCCCXXX.
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1 ~T e
/

2

) (
:

1

~ t) sin (int~ 2V+O +f ee
/ (

1 “ T €f) shi (2 w ~ *0

1 -4 e2
) (

1 ~T e
/

2

) si°n(
2w*~ 2«/- ^ e2e™

n
s

(
3 ra *- 2 w, *- 2 sr+

*

,)

+^ shi
(4«#-2n/-3sr+ar

J)
+ ^ ™S

(«#+2w
/
#~2or-®

j)

- 18 sin (2 'w *

'

+ 2w
i
*- 3a- ®,) + y e,

2
( 1
“ e?)

(
1 ~ 4) si°n (

w *'~ 3V+ 2 «rj

+ 4 ee
'

2

si°n
(3m,*“*-2w,)+ 4 ee

/

2

sin
(2M#-3»/-ar+2«r

J)

+^ eVsin
S

2sr+2ta
/) 1 4^ si°n

(>**+3w/-2a-2a,)

+ 4 sili
(«*-4»|f+3»,) + (4»/-w-3®,)

+
C

-jf- S? (2n#-4»/-®+3ar
J)+ ^ e,

4 ®?s (nf-5n/+4ar,)

+ 4 0 + 4 e
/

2

) 0 - V) sin
(^+rc/-2<)- ^ < ™s

(n/+«r-2»,)

+ 1g sin
(2«*+w/-^- 20 + ^ eV shi

(3wi+V- 2sr~ 2^)

- 44 sili
(nt-n

t

t-'2vi+2*,) + 4 ^ (n*+2»,*-3a,)

; l4 sin (2V+— 3-,) + £ gin

+ vis
e

'

4

sin
(^+3/^-4^) + &c -

rr
<S>+M = aa

> { 0
~ HP") sin

(”*+ «,*)

~ 4 eS W+*)+ 4 sin (2^+V—

)

+ 4 e2
sin

(3fd+nt-**) t T Z int-nf-2.)

~ 4 Cn <*+-,) + 4 Z (- + -,) ~ 4 sin
(2»*-*+»,>
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+ % sin
(M*+2n,f— w,)— ee

J

c

g

°®
(2n,t ^

c?* (2w*+2«*—w--®r,)4-&c.

rr
i sin ft+\- 2»}= aa

l |
(l - L^l

)
(nt+n,t- 2v)

~ 4- e ^ («,*+*- 2*) + g

°*
(2w^+^-ar- 2v)

+ T e2
sin

(3nt+n
l
t—2nf—2p) +

g

°® {nt—nj—2*+2v)

~ Y e
/ sin

(«<+» -2v) + f e e,
g

°® (*4-*,-2*)

~ T ee
‘ sin

(2w<—®r+®,-2v) + -|shi (^+2w/-^-2v)

— X ee
/ sin Pw/+» f—^/— 2v) + ^ (2n/4-2w/—w— or,— 2»)+&c.

f e
3 / 3 \ e

2 / Qe~\
r = a < 1 + -7^- — e

v
1 —

“s'
e2

y
cos

(
nt~m

) — 77 ( 1 — -g- ) cos (2/^—2^)

3 e
4

g- e3 cos (3nt—3&) g- cos (4ra£—

4

to-) + &c.

r 3 e
2 / e

2 \ e2 ( e2 \
r2 = a2 jl+~o 2e^l

s~)
cos

{
nt— rs

) — ^1 — —jcos (2nt
— 2vr

)

— — cos (3nt—3zo) — -g- cos {Ant— 4z?) + &c.

r = a
3

1 1 4 "2 e2 ^ e (l ^ c2
)
cos (

w^

—

w
)

9 / e2 \ 53
+ 77 e2 ^1 — ^g) cos 2nt—2zs 4- ~g~ e3 cos (3w£— 3w)

31
4- -j- e4 cos (4w£— 4sr) 4- &c.

r 2« a-

If the coefficient of cos n 0 in the development of < 1 — — cos 6 4-
j

according to cosines of arcs mulitples of 6 is called b2m
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, _ a
,

1 . 3 a3

,

1.3.3.5 a5
, Q

b™ — ^ + 174 IT* + 2 . 4.4.6 7} + &C -

3 a9 1 . 3 . 5 a* 1 . 3 . 3 . 5 . 7 aG
0

bl
>2 ~ 4 a/ 2.4.6 c/ + 2 . 4 . 4 . 6 . 8 a « &C *

3.5 a3
1 . 3 . 5 . 7 a5

1 . 3 . 3 . 5 . 7 . 9 a—
7 + &C.^ 1>3 4.6a/ 2 . 4 . 6 . 8 a/ 2.4.4.6.8.10a/

7 ,
,/3\2 a3

,

/3.5\2 o* /3 . 5 . 7\ 2 «6

,
n- 1 +(,2/ ^ + \2 . 4 . 6/ a« + &C *

,
3 a

,
3.3.5a3

,

3.5.3.5.7a5
, 0

^3*1 ~a
t

2T4
-
a/ ‘ 2. 4. 4. 6 a/ + &C *

3.5 a' 3.3.5. 7 a4

~ 4 a * 2.4.6 a/ 2

.

3. 5. 3. 5. 7 a6

4 . 4 . 6 . 8 a/ + &C.

3.5.7 a3 3.3.5.7.9 a5 3. 5. 3 -.5.7. 9. 11 a7
0

63,3 — 4 # g ^5 + 2 . 4 . 6 . 8 a 5 + 2.4.4.6.8.10 a/ + &C *

, , ,
/ ^ \ 2 a2 /5 .

7

\ 2 a4 /5 . 7

.

9

\

2 a5

^s.0 = 1 + vj)
-

s + {2^4)
—* + (,27o; < + &c -

, a
,

5.5.7 a3

,

5. 7. 5. 7.9 a5
, 0

*5.1 = 5 — + 0.4 + 9. A. A. H 71 + &C *
2 . 4 . 4 . 6 a/

5.7 a9
,

5. 5. 7. 9 «'

= ~T H? + 2.4.6 a
I

7 7* +
5.7.5.7.9.11 a6

2. 4. 4. 6. 8 a 6 + &C.

5.7.9 a3
. 5.5.7.9.11 a 5

,
5 . 7 . 5 . 7 . 9 . 1 1 . 13 a7

^5*3 4

.

6 a

/

r ^3 + TT* +2. 4. 6. 8 a 5 r 2.4.4.6.8.10 a/

^3,1 = 3
^

^5,0 2 bs
>2 *1,1 — ~ ^3.0

2
^3>s

j

2 63>2 — 2 ^5>1 ~ bs
>3 j“

3 b
3i

3

= ~2 ~7
i ^

^5.2 — &5,4

it = m
/ {

rr;c°S

^-
~^ - -

2 ^1,2 — 2 a
y ^

bs
> 1
— bs

>s

3 ^1,3 = ~
^

bs,2
— ^3,4

J

I \
{

r

9 — 2 r r, cos (X — X/) 4- r/}^ J

and since

rr/ cos (X— X/) = rr
|
cos2

7
*- cos (X— \) + sin2 « cos (X -f \ — 2 v,)

| , p, 330



IN PHYSICAL ASTRONOMY. 347

r _ m i rr, {cos3

^ cos (A - A,) + sin2 -^- cos (A + A
y
- 2 v

y) J

l Vf

1 ^

^-2rr
(

j^

cos2-^- cos (X — A
y ) + sin

2

-^ cos (X + A
y
— 2 v

y)
j

Neglecting the cubes and higher powers of e

d C / t |
c‘^'\ 3 3

R=m—A {l — sin2-^
2
~L)cos(nt—n

l
t)—-^ e cos(n

l
t—&)- —

e,
cos (nt—v)

c e 3
+ “ cos (2nt — n

t
t — rs) + ^cos (n t — 2w

y
t-\-zs^) + -g- e2 cos (3 nt— n

t
t— 2vs)

3 ^
+ -g-e 2 cos (nt— 3 w^+ 2 -z^) + -g cos (/*#+ w

y
t— 2 tc) + -g-cos^Z-J-ra/— 2sr

y)

9 3-3
+ —ee

y

COS(sr— tzr
(

) —ee
y

COS(2«f

—

rs— sr,) ee
y
C0S(2nf— rs— rs^)

+ ~ cos(2nt—2n
l
t— rs-\-rs) + sin2 -^-cos(w#+ w/— 2v) 1 + ~ e2

l

+3e,cos (nfi—rs) + |re 2cos(2w/— 2rs) +&c.
j*

— m
/

/a2 |l + “|' e2— 2ecos(w^— rs)— cos(2rc£— 2rs)
j

— 2aa
y

{(l— sin2-|— cos (nt—nf) — |-ecos(w/— ®)

— — e
y

cos(/tf— «r
i) + -2 cos(2n£—M/— bt) + -^-cos(w#—2w/+®

()

3 3
-j- -g-e2cos(3w^—w/— 2^)4- -^e 2cos(w^— 3w/+ 2rs) 4- -g-cos(w£-f w/— 2w)

4- COS («#+»/”" 2zff
y)4- ^eey

COS(ra-— rs) — — ee
y
C0S(2w£— sr— rs)

— -^-ee
y
cos(2w/— rs—rs) 4- -^cos^ra*—2nf— rs+rs)

4- sin2 -3- cos (nt 4- n
t
t— 2v)

}
4- «/

2
{ 1 4- -§ e?

C ^

— 2e
l
cos(nf,—rs) — y cos(2w

y

£— 2sr
y) + &c.
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= terms independent of b

— 7 |
buo + b itl cos {nt— nf) -f blfi cos (f2nt— 2nf) + &c.

j-

+% j
b
St0 4- z>

3)1
cos dAs cos (2nt- 2 nfj &c.

j |
a2

|-|- e2

£& "j r / j ^ _J_ C^\— 2 ccos {nt— zz)— 77 cos (2nt—2zs)
^
— 2«a4 ( — sin2^ 7—Mcos

(nt—nf,

)

> 3 c—7- ecos(w/— ts) — -q e
t
cos (nt—z*') 4 cos(2nt—nf—zs)

e 3 3
4- 77 cos(w*— 2w/4"®v) d~ -7fe

2cos(3nt—n
l
t—2vr) + -^-e 2 cos (w#— 3w/4"2^

(

)

>

€~ 6? 9
4- 77 COS —2w) 4“ C0s(w/+w/—2w

/) 4-

"4
^ COS (nr— ST,)

3 3 ^ ^

— 7 e ^cos^ nt—w— 77)— ~ ee
l
cos(2ri't—zs—zj^-\- 77 cos (2nt— 2nf,—®+ot

( )

+sin2 oCOs(w^H-w/— 2^)} d-«,
2

{ \e}~ 2e
l
cos(n

l
t—*y,)—^-cos(2w/—<

2

ot,)&c.
j

j-

2 . 4 «
;

5

{
^
5,0 I

^5,1 cos d~ 6S)2cos (2m/— 2nf) d- &c.
^

2 ci“ ccos (of w)

— 3 aa
t
ecos {ri't—zj) — 3aa

l
c

l
cos(nt~^^) -\- aa

l
ecos(2nt—n

l
t—zj)

+ a a, e
t
cos (m/— 2nf;-\-Tz^ 4- 2 a 2 e

t
cos («/— OT

;)
}* 4- &c.

|
2 r/

2 e cos
(
nt— zr

)
— 3 a a

t
e cos (nfi—zj) — 3 « e

t
cos {nt—zs)

-\-aa
t
ecos(2nt— w/

—

ct) -j-fftf
(

e
(

cos(w/—2w/+w
; ) d~ 2a

y

2 e
y
cos (w

y

/—

w

y
) j-

= 2 rd e2 d~ 5 a2 a 2 (e2 4- c 2
) + 2 a

y

4 e 2 + a2
(2 a2 — 3 a,2)^

2 cos (2nt—2zs)

4 77 «2
(i

2 e2 cos {2n
l
t—2zz) -\-^a2a 2e 2cos(2nt— 2nr

l
)-\-

C

^L e2cos(4nt—2n
l

t—2zy)

'i 9

d tv
l c

,

2 cos {2nt—Ant-\-2vj^) 4- a 2
(2 a 2 — 3 a2

)
c 2 cos (2n

t
t—2zs)

— 4 (o' c2 4- a 2 c 2)ua
/
cos (iit—vt) — 6 uA a

t
e2 cos (nt-\-nJt—2zs)
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— 6 aa
7

3 e 2 cos {nt-^njt— 2^) — 6 (a2 4 aa
t
ee

t
cos (sr— w

7)

— 2(3a2 — a 2)aa
t
ee

4
cos (2 nt-vr-v?,) — 2(3 a 2— a2)aa

/
ee

/
cos

4 2 a3 a
7
e2 cos (3w£—w/— 2w) -j- 2 a ej cos (wf—3W/42®-

,)

+ 2(«2 + a
/

2
)
aa

y
ee,cos (2 nt— 2 nt— ra- 4®,) 49 a2 a 2 ee

t
cos — njt 4^"—4)

4 1 4 a2 a 2 e e
t
cos {nt 4«/-w-^)-3 a2 a 2 {e24 e 2

)
cos (2 nt— 2nt

)

— 3 a2 a 2 ee^os^t—3w/4 OT4 TO
'

/)
— 3 a2 a 2 ee

t
cos (3nt—nt—m— m^)

— 2 a2 a 2 ee
t
cos (h/-b/-w4w,) 4 «2

«,
2 ee, cos (3nt— 3n

t
t—©4®)

Replacing s which accompanies nt,

P _ 3„ r 6
i,o

i

o(«
2 ^ + <^)

7)
,

««, /• ?»/
i

*
2 + *a

7]R ~ m
,\ “4 + 3

2. 2fl 3 Os.0 4 2^3 \Sin- 2" ”*
2
~

—^ ^2a4e24 5a2«
(

2 (e24e
/

2
) 42a 4

e,
2

)
65,o4

§7§gf
6 {a

2e*+a 2e 2
) aa,65>

y3,l

1.3.3 a*a*

'2.4.2a,5 V e '
e

/
)°5>2 [0 *]

+ m
< {$ {

C0S4 “ f-4
} ~^ { sin

2

7 +4^ } { + i }

,
3 («

s e
2 + a? e?)
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1 . 3 . 4 , , , , 0 7+ 2^7 &3,i 4 2714 («

2 e24 «
i

2 e
/

2)aa
/

65)0

- 27^ 1 2

a

4e24 17 a
2a 2{e24 e

t)4 2a 4e
;

2

1
&5>1 +^~i {a2e

2 -\-a 2e 2)aa
l
b
5fi

4
1.3.3 a3a;

2.4.2

4 m.

(e24 e 2
) &5i3

|
cos {nt -nf4s-J()

{ - ^ } 4+M

+

. 1.3.3a4
a,

2
(e

2
4- £,

2
) 7

1.3.2 (a2 e° + a,
2
e,

2
) 7+ 274 —> *«> + TTT < aat>»

[
1 ]

* The numbers at the side serve to distinguish the arguments.
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/
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,
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— o|:v {
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a

4 e2 4-
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a2 a 2 (e2 4- e 2
) 4- 2
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4 e
;

2

|
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4 a} («
2e24-«
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J
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g2 + g
*
l h ,
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^COS 0/ 4- £,- or)

^
— ^3 *3,0 4“ 2^ *3,1
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*
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j
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f a a,
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;

3 "3>1 ~ 2a/ *3-2 + 272 7^“ *3,3
f
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.
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f
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£
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I
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*3>2 2a J *3 >3
j
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—w

— Tfi

[4]

[5]

[6]
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) W

[ 10]
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[
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]
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3 a a
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*3,3 £ cos (3nt— 4??

/

^4~3£ — 4e
/
4~ ®”) [14]
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[15]+ m,
{
— ~

3 b
3fi
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+ b
3>2 - ^r~s b3y3
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+ m,
8 . 2 a/>

^3-3 e
/
cos (4w*—3n/+4g-3s

#
— ar,) [19]
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—
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XXIII. On the Error in Standards of Linear Measure, arisingfrom the thickness

of the har on which they are traced. By Captain Henry Kater, V.P. and

Treasurer of the Royal Society.

Read June 17th, 1830.

AN the course of the adjustment and verification of the copies of the Imperial

standard yard, destined for the Exchequer, Guildhall, Dublin, and Edinburgh,

I discovered a source of error till then, I believe, wholly unsuspected, arising

from the thickness of the bar upon the surface of which measures of linear

dimension are traced. The difficulties which I experienced, and the remedy

which suggested itself upon that occasion, and which was found efficient, are

shortly detailed in the account of the construction and adjustment of the new

standards of weights and measures of the United Kingdom of Great Britain

and Ireland, published in the Philosophical Transactions for 1826.

But as the notice there given occupies little more than a single page, and

might therefore pass unremarked, I cannot but think that a fact of such im-

portance in inquiries where linear measures are concerned, and which may be

sufficient to account for the discrepancies to be found in the experiments of

different observers, ought to be placed before the Royal Society in a more pro-

minent point of view than that which it at present occupies. I shall, therefore,

first extract from the paper alluded to the part to which I refer, and then add

an account of such experiments as I have since made on the subject
; and

describe a scale which I have caused to be constructed so as almost entirely

to obviate the source of error of which I am treating.

It may be seen in the paper before mentioned, “ On the Construction of the

Standard Measures,” that Sir George Shuckburgh’s scale was employed as

the medium of comparison ; the distance from the zero point of which to that

marked thirty-six inches, had been found by comparisons detailed in the Phi-

3 AMDCCCXXX.
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losophical Transactions for 1821, not to differ sensibly from the Imperial

standard yard.

The bars intended for the Exchequer, &c. were half an inch thick and

one inch and a quarter wide ; the thickness being nearly the same as that

of Sir George Shuckburgh’s scale.

The dots upon the surface of the bars having been adjusted, so that then-

distance appeared to be equal to the distance from zero to thirty-six inches

on Sir George Shuckburgh’s scale, further comparisons were made after

the plugs carrying the dots had been securely fixed
;
“ and it was with sur-

prise and disappointment that I found the whole of them apparently too

short. They had been adjusted upon a board of mahogany carefully planed

;

and the table upon which they were now placed was so flat as to occasion

little alteration in a spirit-level passed along it. The error of the stand-

ards was, however, far too considerable to be attributed to any curvature

which on this occasion could take place
;
and it was not until after several

days that I discovered the cause of this perplexing circumstance. I found

that by placing a card, the thickness of which was accurately one-fiftieth of

an inch, under the middle of the standard, the distance of the dots was much

increased ; and by placing a card of the same thickness under each of the

extremities, and withdrawing that which was under the centre, the distance of

the dots was considerably diminished. The total difference amounted to no

less than .0016 of an inch; whilst the double of the error, which would have

arisen from mere curvature under similar circumstances, would not have been

one ten-thousandth of an inch.

“ The cause was now evident : by elevating the middle of the standard, the

under surface was shortened and the upper surface extended ;
and on the

contrary, when the extremities were elevated, the upper surface was com-

pressed and the lower surface lengthened ;
the quantity of the effect evidently

depending upon the thickness of the bar.

“Having thus assured myself of the source of the error, a method of

obviating it soon presented itself. As the upper and under surfaces of the bar

are in different states, the one being compressed and the other extended, there

must be an intermediate plane which suffers neither extension nor compression;

and this plane must be nearly midway between the two surfaces. I therefore
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caused Mr. Dollond to reduce the thickness of the bar for the distance of an

inch and three-quarters from its extremities to one-half
; the gold disks and

plugs were then inserted as before, and the adjustment completed in the man-

ner which has been described. The plugs being secured and the projecting

parts removed, the standards were repeatedly compared with Sir George

Shuckburgh’s scale (the standard being placed upon the scale), when no per-

ceptible difference could be detected. Pieces of card were now placed under

the standard as before, without occasioning any appreciable alteration ; and I

had thus experimental proof of the perfect efficiency of the remedy I had

employed*.”

It will now be necessary for me to state some circumstances which led to

the experiments I am about to detail.

In the year 1820, I very carefully compared a scale, now in the possession of

Mr. Dollond, with Sir George Shuckburgh’s standard, when the distance

from zero to thirty-six inches upon both scales appeared to be precisely the

same. In the year 1824, I again compared Mr. Dollond’s scale with Sir

George Shuckburgh’s, upon the occasion of examining a scale for M. Schu-

macher and another for M. Svanberg. Mr. Dollond’s scale by these compa-

risons appeared to differ from Sir George Shuckburgh’s only .000181 of an

inch in defect. I had thus good reason to suppose the value of Mr. Dollond’s

scale to be well ascertained
;
and as it was much thinner than that of Sir

George Shuckburgh’s, I considered it preferable for determining the value of

the scales intended for Denmark and Sweden.

Having recently received from Mr. Dollond a scale which I had instructed

him to make for the Government of Russia, and also the Imperial standard

yard from the House of Commons, I commenced the necessary preparations

for comparing them together.

Finding by stretching a thread along the table, which I have always used for

such comparisons, that its surface was concave, I had it carefully planed until

the thread no longer indicated any irregularity. My first comparisons at once

showed a considerable difference between the scale intended for Russia (copied

from Mr. Dollond’s scale) and the Imperial standard yard ; at the same time

that a scale which I had formerly laid off for my own use from Mr. Dollond’s,

* Phil. Trans, for 1826, Part II. p. 44-46.
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and which might be taken as equal to it, differed very little from the Russian

scale. I now procured Sir George Shuckburgh’s scale and Mr. Dollond’s,

and set myself carefully to investigate the cause of this difference.

It was immediately evident that Sir George Shuckburgh’s scale still nearly

agreed with the Imperial standard yard, and that there was no great difference

between Mr. Dollond’s scale, my scale, and that intended for Russia. But the

difference between Mr. Dollond’s scale and Sir George Shuckburgh’s was so

great, as to leave no doubt on my mind that in determining the value of the

former, I had committed some considerable error
;
and as other scales are

dependent upon this, it became an object of importance to ascertain its origin

and amount. The origin of this error I could not for a moment hesitate in

pronouncing to be the thickness of Sir George Shuckburgh’s scale
;
the very

great care I have been accustomed to bestow in comparisons of this kind,

leaving me no other cause to which it could with probability be referred.

I have said that a thread stretched along the table indicated no irregularity

of surface. I now examined the surfaces of the Imperial standard yard by

stretching a thread along that surface which was perpendicular to the table.

Every face of this bar was perceptibly concave
;
yet when laid upon the table

and pressed horizontally at one end, it moved about its centre, proving that

the surface of the table was convex, though the thread was not capable of

indicating it.

I next procured a marble slab nearly sixty- four inches long. This I preferred

in its unpolished state
;
as the operation of polishing being performed upon

small portions of the marble in succession might destroy the plane surface

procured by grinding. Upon this slab I placed the Imperial standard yard,

Sir George Shuckburgh’s scale, my own, and Mr. Dollond’s scale; the

Russian scale being laid, for want of room, upon the table. The Imperial

standard yard seemed now to rest with nearly its whole surface in contact

with the marble, and this, in addition to the test of the thread, I considered

to be a sufficient indication that the marble was plane.

The following comparisons were then made between the different scales, in

which the same microscopes and apparatus were employed as are described in

an account of the comparison of various British standards of linear measure,

published in the Philosophical Transactions for 1821 . It is to be observed that
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as the microscopes invert, an increase in the readings of the micrometer indi-

cates that the scale is shorter than that with which it is compared, and vice

versa. The value of one division of the micrometer is .0000428742 of an inch.

Date.

1830.
Therm.

Imperial

Standard
Yard.

Sir George
Shuckburgh’s

Scale.

Russian
Scale.

Mr.
Doleond’s

Scale.

Captain

Eater’s
Scale.

div. div. div. div. div.

May 1 66 7 0.5 23 27-5 32.7

8.2 2.0 23.7 25 30
2 63 104 98 120 124.5 126

76.5 72.5 95 101 101

8.7 5 22.5 28.5 37
66 88 80.5 95 104 110.5

3 62 3.5 2 23 27 28.2

3 0 24.5 26 ....

102.5 96 117 125 131

17 14 35.5 42 46
64 10.7 4 22.5 28.3 37

4 61 20.2 16 39 40 51

20 16.5 37 43.6 47.5

62 18 16 34.6 42 46
5 63 15 10.7 28 37 37.7

14 10 26.7 33.5 42

Means. . . 32.02

Readings of Imperial Stand. Yd.
27-73

32.02

47.94

32.02

53.43

32.02

60.24

32.02

Differ, from Imperial Stand. Yd. 4.29 15.92 21.41 28.22

Converting these differences of the readings of the micrometer into inches,

we obtain the distances from zero to thirty-six inches on each scale in parts of

the Imperial standard yard.

Sir George Shuckburgh’s scale . . . 36.00018 inches

The Russian scale 35.99932

Mr. Dollond’s scale 35.99908

Captain Rater’s scale 35.99879

Here it is seen that Mr. Dollond’s scale, which by careful comparisons in

the years 1820 and 1824 appeared to differ little, if at all, from Sir George

Shuckburgh’s scale, is now no less than .0011 of an inch in defect.

I now resolved to determine the amount of the error which might arise

from the flexure of a bar of known thickness, the curvature of the surface upon

which it is placed being given.
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For this purpose I prepared sets of wires, which by careful measurement I

found to be, .012, .02, .03, .04, .05, and .10 of an inch in diameter.

In order to subject the surface of the marble slab to a more rigid examina-

tion, I prepared some fine copper wire by annealing it, and then stretched it

along the slab, applying as much weight as it would bear at each end with-

out breaking. This detected a curvature of one end of the slab, which the

thread did not indicate, and which was removed by placing a thick card

between it and the table.

The Imperial Standard Yard.

I commenced with the Imperial standard yard. The bar upon which this

yard is laid off, is 1 .07 inch square.

On placing a wire of .012 of an inch diameter under the middle of the

bar, the two extremities were raised above the marble ; a thin wedge was

placed under one extremity of the bar, the other being then in contact with

the marble, in order to prevent the effect which would arise from the weight

of the apparatus carrying the microscopes when placed upon the bar. This

precaution, I shall content myself with remarking, was used in every instance

where necessary.

The following comparisons were then made between the length of the yard

when the bar lay flat upon the marble, when it was curved upwards by a wire

placed under its middle, and when curved downwards by wires placed under

the dots marking the yard. In the latter position the middle of the bar

touched the marble.

With wires of .012 of an inch diameter.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of

the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

95.5 89-5 112.0

96.5 91-7 111.5

95.7 88.0 111.7

79-0 72.5 94.5

Mean 91.

7

85.4 107.4 6.5 15.5 22.0

0.2 Reduction to the Chord.

91-9



STANDARDS OF LINEAR MEASURE. 365

As in the preceding experiments the bar was clear of the marble when a

wire was placed under its middle, and touched the slab when wires were

placed under its extremities ; I next tried whether any greater errors would

be produced by the curvature which the bar would assume by its own weight

when clear of the marble in both cases. For this purpose I used wires of .05

of an inch diameter, by which the bar was wholly supported.

With wires of .05 of an inch diameter.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

67.0 60.0 79-0
61.0 54.0 78.5

57-5 54.0 74.5

60.0 52.0 73.0

57-0 55.5 74.5

Mean 60.5 55.1 75.9 5.6 15.2 20.8

0.2 Reduction to the Chord.

60.7

Here it may be seen that the results are very nearly the same as in the pre-

ceding Table, and consequently that the errors of the Imperial standard yard

are the greatest possible with a curvature, the versed sine of which is less than

one-hundredth of an inch.

In order to obtain accurate conclusions from the above Tables, it must be

considered that when the bar is lying flat upon the marble it is the length of

the scale that is taken, but when the bar is curved it is the chord of the arc

which is measured. It therefore becomes necessary to add to the mean of the

column headed “ without wires ” the number of divisions of the micrometer,

which is equal to the excess of the arc above its chord.

This correction being made, if the difference between the mean of the

readings so corrected of the micrometer, when the bar lies flat upon the

marble, and the mean of the readings when a wire is placed under the middle

of the bar be taken, it will give the amount of the error arising from flexure

independent of the chord when the bar is curved upwards.

In like manner the difference between such corrected mean and the mean of
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the readings of the column headed “wires under the ends” will give the error

proceeding from the same source when the bar is curved downwards : and the

sum of the errors thus obtained will show the greatest error which can arise

from a curvature, the versed sine of which is equal to the diameter of the wires

employed. The same amount of errors may at once be obtained by taking the

difference of the mean readings of the second and third columns.

In the Imperial standard yard it appears that with a curvature, the versed

sine of which is less than .012 of an inch, the amount of the errors is .000943,

or nearly one-thousandth of an inch ;
whilst the error which would result from

the difference between the arc and its chord is absolutely insensible, not

amounting to one hundred-thousandth of an inch. Now it must be obvious,

that if a scale were compared at two different periods with the Imperial

standard yard, the yard at one of such periods being placed upon a part of the

table deviating from a plane surface .012 of an inch in a yard, and at another

period the same quantity, but in a contrary direction,—the difference in the

resulting values of the scale so compared would be no less than .000943 of an

inch. This supposes the scale which is the subject of comparison either to be

very thin, or to be placed upon a part of the table which is perfectly flat
;
a

circumstance which it is not difficult to imagine very possible, or even that

different parts of the surface of the table may be curved in contrary directions,

when the small amount of the curvature in question is considered.

I may here observe, that the thickness of a single shaving which the plane

takes off from the table is sufficient to occasion an error equal to that resulting

from the preceding comparisons; for I found by careful measurements with a

micrometer, that the mean thickness of such a shaving of deal was about .009

of an inch.

I have hitherto supposed the surface of the table not to be plane
;
but if the

table were plane and the surface of the bar were curved, the bar would by its

weight apply itself to the plane surface of the table ; and a like error in either

case would be the consequence.

It has been stated that the surface of the bar of the Imperial standard yard

is concave ;
and by my present comparisons the distance from zero to thirty-

six inches on Sir George Shuckburgh’s scale, which by former measurements
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appeared not to differ sensibly from the Imperial standard yard, is in excess

.0001945, or nearly two ten-thousandths of an inch. Now if the surface

of the marble slab be supposed to be plane, the curvature of the Imperial

standard yard would have the same effect in producing error as in the case

of wires being placed under its ends ; and it will be seen that a curvature of

the bar, the versed sine of which is only .002 of an inch in length, would be

sufficient to produce the difference in question.

On examining the preceding Table, it will be perceived that the difference

between the length of the yard when lying flat on the marble, and its length

when curved upwards, is much less than the difference when the bar is sup-

ported at its ends, and consequently curved downwards ; and hence that the

neutral plane is not as I supposed in the middle of the bar, but nearer to the

convex surface: but on this important part of the subject I shall have to state

more hereafter.

Sir George Shuckburgh’s Scale.

The bar upon which this scale is traced is 67-7 inches long, 1.4 inch wide,

and 0.42 inch thick. The scale comprises 60 inches, the distance from the

end of the bar to zero is 3.7 inches, and from 60 to the other extremity of

the bar 4 inches.

The scale being placed upon the marble slab, its ends projected two inches

beyond it. I could perceive light between the bar and the marble, and could

pass a sheet of letter-paper under the zero end to the distance of eight inches

from its extremity, that is to the fourth inch of the scale. The bar was in con-

tact with the marble for two inches and a quarter at the other end ; and from

this part letter-paper could be passed between the bar and the marble for

the distance of eighteen inches. The remainder of the bar rested upon

the marble.

In the following experiments, the wires in elevating the extremities were

placed under 0 and 60 of the scale, and under 30 when the scale was to be

curved upwards.

3 BMDCCCXXX.
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With wires .012 of an inch diameter.

From 0 to 36 inches.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

99-0 95.5 105.0

99-0 95.5 106.0

Mean 99.0 95.5 105.5 3.5 6.5 10.0

0.0 Reduction to the Chord.

99.0

With wires .02 of an inch diameter.

Without Wires.
A wire under Wires under Error when curved Error when curved Sum of

the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

6.0 3.0 14.0

3.0 0.5 17.0

97-0 92.0 109-3

96.0 94.0 109.0

Mean 50.5 47.4 62.3 3.1 11.8 14.9

0.2 Reduction to the Chord.

50.7

With wires .03 of an inch diameter.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

97.0 92.7 110.2

96.5 92.0 111.0

Mean 96.7 92.3 110.6 4.8 13.5 18.3

0.4 Reduction to the Chord.

97-1

With wires .04 of an inch diameter.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of

the middle. the ends. upwards. downwards. Errors.

div.
’

div. div. div. div. div.

16.0 7.5 32.0

12.0 8.0 30.7

94.5 87-0 114.0

Mean 40.6 34.2 58.9 7.2 17.5 24.7

0.8 Reduction to the Chord.

41.4
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Wishing to ascertain whether the curvatures of both halves of the scale were

similar, I took the distance from 24 to 60 inches.

With wires .04 of an inch diameter.

From 24 to 60 inches.

Without Wires.
A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

41.0 24.0 44.0

38,0 21.0 44.0

126.0 104.0 129.0

Mean 68.3 49-7 72.3 19-4 3.2 22.6

0.8 Reduction to the Chord.

69.1

Here we perceive that the sum of the errors is very nearly the same as be-

fore
; but there is an irregularity in the curvature, or rather a difference in the

place of the neutral plane of the two halves of the bar, which deserves parti-

cular attention ; for instead of the error being less, as in all the preceding ex-

periments, when a wire is placed under the middle, than it is when the extrer

mities of the bar are supported, it is here greater. We may also remark that

the difference between the means of the readings “ without wires” is 27*7

divisions, which shows that the distance from 24 to 60 inches of the scale is

shorter than that from 0 to 36 inches .001187 of an inch.

With wires .05 of an inch diameter.

From 0 to 36 inches.

(H.)

Without Wires. A Wire under
the middle.

Wires under
the ends.

Error when curved
upwards.

Error when curved
downwards.

Sum of
Errors.

div. div. div. div. div. div.

14.5 7.5 39.5

13.0 3.5 33.0

11.5 4.0 31.2

8.5 4.0 36.7

7.0 0.0 32.0

Mean 10-9 3.8 34.5 8.3 22.4 30.7

1.2 Reduction to the i2hord.

12.1

3 b 2
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With wires 0.5 of an inch diameter.

From 24 to 60 inches.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of

the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

41.5 23.0 48.0

39.5 18.5 50.0

39.5 19-0 49-0

38.7 15.7 48.5

35.0 16.0 45.0

Mean 38.8 18.4 48.1 21.6 8.1 29-7

1.2 Reduction to the Chord.

40.0

From this Table the same conclusions may be drawn as from Table (G), as

to the place of the neutral plane in the two halves of the bar. I am disposed

to attribute this irregularity to the manner in which the scale is constructed, as

it consists of a bar of cast brass, to which is soldered a piece of plate brass,

upon which the divisions are traced. The difference between the distance

from 24 to 60 inches and from 0 to 36 inches does not differ sensibly from that

before found, namely .001187 of an inch. I should have observed that the

comparisons of the distance from 0 to 36 and from 24 to 60 inches on the

scale immediately followed each other, that is, the microscopes were trans-

ferred immediately from one part of the scale to the other.
'

Wishing to try the effect of an increased curvature, the following compa-

risons were made.

With wires 0.1 of an inch diameter.

From 12 to 48 inches.

Without Wires. A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

81.0 51.5 121.0

83.5 51.0 117-0

86.0 53.0 120.0

83.0 51.0 120.0

Mean 83.4 51.6 119.5 36.8 31.1 67-9

5.0 Reduction to the Chord.

88.4
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The above Table shows that employing the middle portion of the scale, the

error in either position is nearly the mean of the errors in the two pre-

ceding Tables.

Mr. Dollond’s Scale.

This scale is upon plate brass, 42 inches long, 1.6 inch wide, and 0.17 inch

thick ; it contains 41 inches. The scale when placed upon the marble slab

appeared to be in contact with it throughout its whole extent.

The wires for elevating the ends were placed under 0 and 41 inches, and the

wire when the middle was raised was under 20^ inches.

With wires .05 of an inch diameter.

From 0 to 36 inches.

Without Wires.
A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

32.5 30.0 52.0

32.0 30.0 52.5

32.0 30.0 56.0

31.8 31.2 57.0

30.0 28.0 52.6

30.3 28.0 52.6

Mean 31.4 29.5 53.8 4.4 19-9 24.3

2.5 Reduction to the Chord.

33.9

Captain Kater’s Scale.

This scale is of cast brass, 45.2 inches long, f wide, and 0.29 inch thick. The

wires, when the ends were elevated, ivere placed under the extremities.

With wires 0.5 of an inch diameter.

From 0 to 36 inches.

Without Wires.
A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

105.0 97-0 137-0

89.0 82.5 128.0

92.5 80.5 123.0

91-0 79-0 128.0

95.0 80.0 128.5

94.0 80.0 131.0

Mean 94.4 83.2 129.3 13.2 32.9 46.1

2.0 Reduction to the Chord.

96.4
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I shall now state the results which have been obtained from the comparisons

I have detailed.

It has been already shown that a correction must be applied to the observed

length of the scale, to reduce it to the chord of the given curvature. This, if

the scale is only 36 inches long, may be applied at once ; but with Sir George

Shuckburgh’s scale, the length of which is 60 inches, it becomes necessary first

to find the difference betiveen an arc of 60 inches and its chord, and then to

take the proportional part of this difference for 36 inches. The same must be

done with Mr. Dollond’s scale, which is 41 inches long, and with my own,

the length of which is 45.2 inches.

The following Table gives the difference between the arc and its chord, and

the proportional part where necessary for 36 inches.

Versed Sine.

Difference of the Arc
and its Chord on

36 inches.

Proportional part for

36 inches.

Equivalent
Divisions of

Micrometer.

inches. inches. inches.

.012 .00001

.02 .00002

.03 .00006

.04 .00009. 2.1

.05 .00014

Difference of the Arc
Versed Sine. and its Chord on

60 inches.

.012 .000005 .000003 0.0

.02 .000013 .000008 0.2

.03 .000030 .000018 0.4

.04 .000054 .000032 0.8

.05 .000084 .000050 1.2

.10 .000400 .000240 5.0

Difference of the Arc
Versed Sine. and its Chord on

41 inches.

.05 .000122 .000107 2.5

Difference of the Arc
Versed Sine. and its Chord on

45.2 inches.

.05 .000112 .000089 2.0

Having applied the reduction to the chord, we obtain the error occasioned
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by the extension of the surface of the bar when it is curved upwards, and the

error when it is curved downwards ; hut in Sir George Shuckburgh’s scale,

when a wire is placed under the middle, the surface of the bar rests upon the

edges of the marble slab
;
the length to be considered of the bar is therefore in

this position equal to the length of the marble 63.7 inches, and the error of the

curvature upwards, as given in the Tables, must be increased in the proportion

of 63.7 to 60.

The same method must be pursued with Mr. Dollond’s scale, the bar being

forty-two inches long.

Lastly, these results must be reduced, but in inverse proportion, to what

they would have been had the length of the scale been thirty-six inches.

As the distance from 0 to 36 inches is the part of Sir George Shuckburgh’s

scale, which has been considered upon every occasion as equal to the Imperial

standard yard, it is this portion to which all the subsequent deductions refer.

The following Table contains the results of the foregoing experiments, with

each scale reduced to a bar of thirty-six inches in the manner which has

been described, the bar being taken as equal in thickness to each scale respec-

tively.

Thick-
ness of

Bar.

Table.
Versed
Sine.

Error when
curved

upwards.

Error when
curved

downwards.

Sum of
Errors.

inches. inches. inches. inches. inches.

Imperial Standard Yard 1.07 (A) .012 .00028 .00066 .00094

(C)* .01 .00022 .00039 .00061

(D) .02 .00023 .00084 .00107
Sir George Shuckburgh’s Scale.< 0.42 (E) .03 .00036 .00096 .00132

(F) .04 .00054 .00125 .00179
(H) .05 .00063 .00160 .00223

Mr. Dollond’s Scale 0.17 (L) .05 .00022 .00097 .00119
Captain Eater’s Scale 0.29 (M) .05 .00071 .00176 .00247

By referring to the results in this Table, derived from Sir George Shuck-

burgh’s scale, it will be perceived that the sum of the errors increases as the

versed sine or diameter of the wire employed. This will be more readily shown

by dividing the sum of the errors by the corresponding diameter of the wire,

or reducing each to a versed sine of .01 of an inch.

* Reduced by proportion from a versed sine of .012 to that of .01 of an inch.
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Versed
Sine.

Sum of
Errors.

Sum of Errors

Reduced to a

Versed Sine of

.01 ofan inch.

inches.

.01

.02

.03

.04

.05

inches.

.00061

.00107

.00132

.00179

.00223

incites.

.00062

.00053

.00044

.00045

.00045

Mean .

.

.00050

The errors arising from the thickness of different scales, though nearly in

proportion to their thickness, do not seem to follow any very regular law, but

to depend in some measure upon the manufacture of the material employed,

as well as upon the thickness of the bar : thus if we reduce the error of each

scale to what it would have been had the scale been half an inch thick, thirty-

six inches long, and the versed sine equal to .01 of an inch, we have the fol-

lowing results for comparison.

Errors resulting from a varied sine of .01 of an inch, the bar being supposed

thirty-six inches long, and half an inch thick.

Error when
curved
upwards.

Error when
curved

downwards.

Sum of Errors
with a Versed
Sine of .01 of

an inch.

Imperial Standard Yard
inches.

.00013

.00017

.00012

.00025

inches.

.00031

.00042

.00056

.00061

inches.

.00044

.00059

.00068

.00086

Sir George Shuckburgii’s Scale.

.

Mr. Dollond’s Scale

Captain Kater’s Scale

Here it may be seen that the sum of the errors of my scale is the greatest,

and this scale is upon a bar of cast brass not hammered.

Mr. Dollond’s scale is of plate brass, and Sir George Shuckburgh’s appears

to be made of cast brass faced with plate brass.

The Imperial standard yard is upon a bar of brass, which I should judge from

its apparent hardness to have been well hammered ; but the preceding result

given from this bar must be too little, as it has been shown that a wire .012 of

an inch diameter was more than sufficient to produce the greatest errors to

which the bar is liable.
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From the last Table it appears that the error of the scale when curved up-

wards is scarcely more than one half of its error when curved downwards ; and

from this it should seem that the neutral plane is not in the middle of the bar

as I had supposed.

If this inference be correct, the distance of the neutral plane from that sur-

face of the bar, the curvature of which is convex, may be found by considering

the sum of the errors in the preceding Table to represent the thickness of the

bar, when the corresponding error resulting from the curvature upwards will

be the distance of the neutral plane from the convex surface. This distance

appears to be scarcely equal to one-third of the thickness of the bar.

From the experiments which have been detailed, we are led to the following

conclusions.

1 . That in a standard of linear measure traced upon the surface of a bar,

an error arises from the thickness of the bar when it is placed upon a table

the surface of which is not plane.

2. That this error in bars of the same material and of unequal thickness is

within certain limits as the thickness of the bar, and depends upon the exten-

sion of that surface of the bar which becomes convex, and the compression of

the surface which is concave.

3. That the error to which the same scale is liable from this cause, is directly

as the versed sine of the curvature of the surface upon which the scale is placed.

4. That this error very far exceeds that which would arise from the dif-

ference of length between the arc and its chord under similar circumstances

;

so much so, that the sum of the errors from this cause in a bar one inch thick,

with a versed sine of not one-hundredth of an inch, is nearly one-thousandth

of an inch ;
whilst double the difference between the chord and the arc is not

one fifty-thousandth.

It was not until I had written thus far, that a method, with which I am per-

fectly satisfied, occurred to me of trying a surface supposed to be plane. The

difficulty, if not the impossibility of procuring what is called a straight edge is

well known to workmen ; but this desideratum I supplied by the very easy

process of stringing a bow six feet long with piano-forte wire one-hundredth of

an inch diameter, which bears a considerable degree of tension without break-

ing. The wire was passed over two thick wires half bedded in pieces glued

3 cMDCCCXXX.
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near the extremities of the bow ; these served as bridges, and one was of a

sufficient length to support the whole when laid upon a horizontal surface.

The nature of the surface upon which it is placed may thus be examined at

leisure by observing its proximity to the wire. Should the surface be convex,

a wire must be placed under each extremity of the bow-string of sufficient

diameter just to clear it from all but the most convex part of the surface. As

this simple contrivance may be applied to a great variety of useful purposes

where a straight edge is required, I trust I may be pardoned for giving the

accompanying sketch of it.

By means of this apparatus I examined a variety of surfaces, any one of

which I formerly should have considered as well calculated to serve as a sup-

port for scales, which were to be compared together. The following were the

results.

Length
in

inches.

Curvature.

Versed
Sine

inches.

A mahogany dining-table

inches.

42
61

62
62
48

Concave.
Ditto

Ditto

Ditto

Ditto

inches.

0.04

0.12

0.04

0.10

0.03

A marble chimney-piece

Another
Another
Top of a piano-forte of rosewood finely finished.

.

The front board of a piano-forte of rosewood forty-seven inches long. This

was very highly finished, and the general surface was found to be nearly plane,

but irregular. Here it is worthy of observation, that I could detect the nature

and extent in some degree of the irregularities of the surface, by tapping with

my fingers upon the wire whilst it was pressed by the weight of the bow upon

the board. Where it yielded no sound, the wire was of course in contact with

the surface, which in that case was either convex or plane. When the wire

yielded a sound by tapping upon it with the finger, the surface was concave;

and some idea might be formed of the extent, by the acuteness or gravity of the

sound produced ; the edges of the concavity serving as bridges, which limited
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the length of the string. So delicate is this test by sound, that a concavity can

be detected by this method where the interval between the wire and the sur-

face under examination is not to be perceived by the eye.

Having now a means superior to any I before possessed of examining a plane

surface, I applied it to the marble slab, and detected a slight concavity not

exceeding one-hundredth of an inch. This was corrected by placing cards

under different parts of the marble. When I had adjusted it so that no irre-

gularity was perceptible, I thought it necessary to repeat my former compa-

risons.

The marble most carefully made plane by the bow.

Date.

183-0.

Imperial

Standard
Yard.

Sir George
Shuckburgh’s

Scale.

Russian

Scale.

Mr. Dol-
lonh’s Scale.

div. div. div. div.

May 31 7 5.5 26 31.0

4.5 6.2 25 33.0

4.7 7.0 24 33.2

4.7 4.8 23.2 32
3.3 3.3 20 30

June 1 4.0 6.0 22 31.2

7.0 4.0 22 30.0

5.0 4.0 21 32
2 10 6.0 23.5 31.3

8 3.0 25 31

6.3 3.0 22 32.5

6 4.5 21.2 30

3 3.5 23.5 31

7 4 21.5 30.5

3 98.0 97 114.5 122.3

97-5 96.5 115 123.5

4 28 22 43 53
27.5 20 40.5 51

5 38.0 33.5 53 59.5

37-3 31 50 59.3

Mean .... 20.34 18.24 36.79 45.36

Read?s oflmp 1
. Stand.Yd 20.34 20.34 20.34

Diff. from Imp1 Stand.Yd 2.10 16.45 25.02

From these differences converted into inches, we have now the following di-

stances from 0 to 36 inches on each scale in parts of the Imperial standard yard.

Sir George Shuckburgh’s scale . . . 36.00009 inches.

The Russian scale 35.99929

Mr. Dollond’s scale 35.99893

3 c 2
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These results differ but little from those of the former comparisons, to which,

however, I think they are to be preferred.

It has been shown that from the present results, the value which has been

hitherto given to Mr. Dollond’s scale requires a considerable correction. Mr.

Dollond’s scale, by former measurements, appeared to be equal to 35.99991

inches of Sir George Shuckburgh’s scale, and consequently to be shorter than

that scale only .00009 of an inch ; but it now appears to be shorter than Sir

George Shuckburgh’s scale .00116 of an inch. Sir George Shuckburgh’s

scale, therefore, when the former comparisons were made, must have been

curved downwards in consequence of that part of the surface of the table upon

which it was placed being concave
;
and we may remark that by consulting

the preceding Tables, it will be seen that a curvature, the versed sine of which

is .03 of an inch in a yard, would have been sufficient to occasion the error

in question.

With reference to this error in the former estimation of the value of Mr.

Dollond’s scale, it is important to add that in the year 1828 I employed it

(not having then access to Sir George Shuckburgh’s standard) in determining

the value of a scale for the Government of Hanover. This scale was made by

Mr. Dollond, according to the mode which will hereafter be described
; and

when referred to Sir George Shuckburgh’s scale, then taken as equivalent to

the Imperial standard yard, it appeared to be equal to 35.99973 inches : upon

that occasion the scale for Hanover was found by numerous comparisons to be

shorter than Mr. Dollond’s scale .00018 of an inch, which being subtracted

from 35.99893 inches, the last determination of the value of Mr. Dollond’s

scale, leaves for the true length of the Hanoverian scale 35.998/5 inches of the

Imperial standard yard.

Having now shown the nature and magnitude of the error, which is the sub-

ject of this paper, I shall proceed to point out the means of obviating it.

It has been seen that the error in question results from the extension and

compression of the surfaces of the bar upon which the scale is laid off de-

pendent upon its curvature, and that there is a neutral surface which suffers

neither extension nor compression, and which appears from the preceding ex-

periments to be at about one-third of the thickness of the bar from that surface

which becomes convex. When it is the object to have two points only on the
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bar, marking- for example the yard, it has been already shown that by cutting

away one-half of the thickness of the bar at its ends and placing the points

upon the new surface, the error which arises from flexure is reduced to the

least possible quantity ; as this (the difference between one-half and one-third

of the thickness of the bar) is the nearest approach that can be made to the

neutral surface when the bar is curved upwards and when it is curved down-

wards.

When a scale of inches is required, this method is not available ; as the whole

surface of the bar must in that case be employed. But by diminishing the

thickness of the bar, the magnitude of the error is diminished proportionably
;

and it is evident that the thickness of the bar might be so reduced as to render

the error scarcely appreciable.

Having prepared a bar, or rather a plate, of a thickness which is no more

than sufficient to receive the divisions of the scale, and to preserve an even

surface, the next object is to provide this plate with a proper support. For

this purpose a bar of brass well hammered is to be employed, of a sufficient

width, and half an inch or even an inch thick. Upon the surface of this bar

the thin plate intended to receive the divisions is to be placed, and made to

slide freely in a dovetailed groove, formed by two side-plates of similar thick-

ness, screwed to the surface of the bar. Lastly, the thin plate upon which the

scale is to be laid off is to be fixed at its middle point to the bar by a single

screw passing through it.

Now if the thick bar which forms the support be curved, its surfaces will

suffer extension and compression in proportion to the thickness of the bar.

The thin plate accommodating itself to the curvature of the bar will follow

the same law, and the resulting error will be less in the proportion of the thick-

ness of the plate to that of the bar. Now it has been shown that the greatest

errors to which the Imperial standard yard (one inch thick) is liable, amount

to nearly one-thousandth of an inch
; as a wire of one-hundredth of an inch

diameter placed under the middle of the bar is more than sufficient to produce

the greatest curvature of which it is susceptible ; and it follows that if such a

bar were to form the support of a plate of one-tenth of an inch in thickness in

the manner just described, the sum of the greatest errors, to which a scale
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so constructed would be liable from curvature, could not exceed one ten-

thousandth of an inch.

The support of the scale which I have caused to be made for the Government

of Russia, and the comparisons of which, with the Imperial standard yard, are

given in the present paper, is a brass bar one inch and three-quarters wide, and

half an inch thick. The plate carrying the divisions is one-tenth of an inch

thick ;
but were I to construct another, it should not exceed half this thickness.

This plate is made to slide freely upon the surface of the bar in a dovetailed

groove, and is fixed to the bar at its middle point by a single screw in the

manner before described. The divisions are thirty-six inches, marked by dots

upon the surfaces of gold pins let into the brass plate. An additional inch

beyond zero is divided in like manner into tenths of an inch. This description

will serve also for that of the scale before alluded to, made for the Government

of Hanover.

The following experiments were made with the Russian scale, the arrange-

ments being the same as before detailed.

Russian scale with wires .04 of an inch diameter.

From 0 to 36 inches.

Without Wires.
A Wire under
the middle.

Wires under
the ends.

Error when curved
upwards.

Error when curved
downwards.

Sum of

Errors.

div. div. div. div. div. div.

69 66 75
71 66 73.5

71 65 74

70 67.5 75
70 63.5 75

70 64 73.5

Mean 70.5 65.3 74.3 7-3 1.7 9-0

2.1 Reduction to the Chord.

72.6

I now employed wires of .05 of an inch in diameter, and these supported the

bar wholly above the surface of the marble.
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With wires .05 of an inch diameter.

From 0 to 36 inches.

Without Wires.
A Wire under Wires under Error when curved Error when curved Sum of
the middle. the ends. upwards. downwards. Errors.

div. div. div. div. div. div.

38.5 35.5 43.0

39.5 32.5 39.5

36.2 31.5 39.0

Mean 38.1 33.2 40.5 7.0 0.3 7.3

2.1 Reduction to the Chord.

40.2

From these last Tables it appears that the sum of the greatest errors to which

the Russian scale is liable from flexure is the greatest possible when the versed

sine is .04 of an inch, and is then equal to nine divisions of the micrometer, or

.00038 of an inch, which, reduced as in the foregoing experiments with the

other scales to a versed sine of .01 of an inch, gives for the comparative sum of

the errors due to such versed sine .00009, or about one ten-thousandth of an

inch.

It is evident that the advantage of this construction consists merely in the

employment of a thin plate to receive the divisions, instead of a bar of greater

thickness ; but a plate sufficiently thin could not well be used without a firm

support, which is necessary to protect it from injury, as well as to prevent the

plate from being affected by any sudden variation of temperature, either from

partial currents of air, or from the vicinity of the person of the observer.
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XXIV.

—

On the Illumination of Light-houses. By Lieut. Thomas Drummond,

of the Royal Engineers. Communicated by Lieut. Colonel Colby of the Royal

Engineers
,
F.R.S.

Read June 17th, 1830.

In a former paper which the Royal Society has done me the honour to place

among its Transactions*, a method of producing intense light is described, the

object of which is to render visible distant stations in geodetical operations.

At the conclusion of that paper I ventured to suggest that this method might

be found useful for other purposes besides that for which it had been contrived

;

and more especially for the illumination of light-houses.

Soon after its publication, I received, through my friend Colonel Colby, a

communication from the Trinity House, under whose jurisdiction and manage-

ment the greater number of light-houses on the coast of England and Wales

are placed, intimating the intention of that Corporation to give the method pro-

posed a fair trial, whenever the apparatus should be brought to such a state of

perfection as would ensure the steady continuance of the light, while at the

same time it admitted of being entrusted with safety to the hands of the ordi-

nary attendants. A good deal remained to be accomplished before this degree

of simplicity could be considered as attained : nevertheless, the offer of the Cor-

poration was prompt and liberal ; and, with the assurance that the time and

labour devoted to this object would not be vainly and unprofitably expended,

I was anxious to undertake the necessary experiments without delay.

The survey of Ireland, however, had just been commenced ; and being

employed on that service, I found it impossible to continue these experiments,

in the first instance from constant occupation and absence from London, and

latterly from a long and severe illness, the consequence of a very laborious and

anxious duty in Ireland.

During the last winter, however, I was again able to return to this subject,

* Phil. Trans. 1826, Part III. page 324.
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and take part in a course of experiments instituted by order of the Trinity

House, and carried on under the direction of the Committee for the Manage-

ment of Light-houses, with a view to ascertain the relative merits of different

methods either adopted or proposed to be adopted in the illumination of light-

houses. The result of these experiments I have received permission to com-

municate to the Royal Society
; but in order that the particular methods to

which they refer may be better understood and more fully appreciated, a few

preliminary observations may be necessary.

The more rude and ancient methods of illuminating light-houses with open

coal fires, with common lamps or candles, sometimes aided by reflectors com-

posed of small facettes or plane mirrors*, have in this country been completely

superseded even in light-houses of secondary importance ; and it may be said

that there is only one method now in use for this purpose along the coast of

Great Britain and Ireland. This consists in the use of a parabolic reflector of

about three or four inches focal length, and from twenty-one to thirty inches in

diameter, illuminated by an Argand lamp, seven-eighths of an inch in diameter,

placed in the focus. The reflector is hammered out of a plane surface consist-

ing of two plates of silver and copper rolled out together, and though executed

with great skill, considering the means, cannot be regarded as a very perfect

instrument. This description must be understood as applying only to light-

houses under the management of public bodies : with respect to those which

have been let to private individuals, I have no very accurate information

;

but, if they should, on examination, prove to be of an inferior order, it would

only be the natural consequence of so pernicious a system.

In fixed lights the number of these reflectors varies according to the portion

of the circumference required to be illuminated ; but it should not be less than

this arc divided by the angle of divergence of the reflected light. At the

Eddystone, where the whole circle requires to be illuminated, the number

* The Eddystone till the year 1811 was lighted with 24 wax candles. Up to that time it was in

the hands of private individuals; but on the expiration of the lease the Trinity House took it under

their own management, and immediately substituted lamps and reflectors. The Bidstone, a leading

light to Liverpool, consisted of a large built reflector, about 10 feet in diameter, lighted by an immense

'.pout-lamp with a wick about 12 inches wide, from which a volume of smoke arose that completely

intercepted the light from the upper part of the reflector.
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should not be less than-^ = 21: if it be less than this, there must be dark

spaces diverging from the light-house as a centre, in which nothing but the

unassisted light of a single Argand will be visible.

In revolving lights there are five, seven, and even ten reflectors on a side,

the number of sides being usually three or four. In the light-houses lately

erected on Beachy Head, and on the Perch Rock at the mouth of the river

Mersey, there are thirty reflectors in each, disposed on three sides, each bearing

ten reflectors. These are the latest, and may be considered as the best speci-

mens of this method of illumination; being about ten times more powerful than

the ordinary fixed lights. In some few instances oil gas has been introduced,

but the intensity of the flame being very little, if at all, superior to that of an

Argand lamp supplied with the best spermaceti oil, little or no advantage can

be expected from this introduction, as far as regards the brilliancy of the light,

when reflectors are used.

About thirty-eight years ago the experiment was tried, in three or four light-

houses, of substituting glass lenses instead of metallic parabolic reflectors.

These lenses were 20 inches in diameter, of 19 inches focal length, and about

5 inches thick
; but from the imperfection of form and the badness of material,

the light transmitted by them appears by our late experiments to be about

one-third of that of the reflectors now in use, while their divergence is so

small, that at 1^° on each side of the axis they cease to be visible. With a

view probably to remedy these defects, a somewhat extraordinary arrange-

ment was adopted, viz.—the addition of parabolic reflectors behind the lenses.

It is true that by this means some addition is made to the direct light of the

lens, and, what is of more consequence, the divergent light is increased so

that at an angle of about 3° with the axis, it is equal to about thirteen times

the light of an Argand. So far therefore the reflector, though but a small

portion of it comes into use, contributes to the effect of the lens ; but the

converse experiment does not appear to have been tried, viz.—how far

the reflector was improved by the lens placed before it
; otherwise it would

quickly have been perceived that the effect of the reflector alone was about

double the united effects of the reflector and lens ;
while at the same time its

effective divergence was also greater, being about eight times that of the com-

bined lens and reflector, at an angle of 3° on either side of the axis.

3 d 2
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This plan was fortunately never very extensively adopted ; and in those light-

houses belonging to the Trinity House, where it was tried, it has subsequently

been discontinued, and the lenses replaced by reflectors. The North Foreland,

however, under the management of the governors of Greenwich Hospital, still

remains a solitary example of a method which cannot be too soon abandoned,

more especially since the remedy is so easy,—merely to remove the lenses,

and leave a free and unobstructed passage to the light of the reflectors.

Another mode, differing from any of those now described, has lately been

introduced into France by MM. Arago and Fresnel, which rivals the most

powerful of our lights in brilliancy, and surpasses them in economy and facility

of management. A large Argand lamp with four concentric wicks, the exte-

rior of which is 3^ inches in diameter, occupies the centre of the light-house.

Around this powerful light eight magnificent lenses 30 inches square are dis-

posed, touching each other at the edges, and forming a hollow octagonal prism

about the lamp. Above these, smaller lenses of a similar construction, but in

the form of trapezoids, are placed, inclining towards the centre till their axes

form angles of about 50° with the horizon, at which inclination their sides

come into contact, and thus completely inclose the central light. By the inter-

vention of plane mirrors, the beams of light issuing from the secondary lenses

are rendered parallel to those of the principal
;
but by the same means a hori-

zontal deviation of about 7° is given to them, so that this addition to the light

is made to contribute to the divergence and consequent duration of light when

revolving, rather than to add to its brilliancy. The lens, which is plano-convex,

is of a peculiar construction, being formed of separate rings or zones, whose

convex surfaces preserve nearly the same curvature as if they constituted

portions of one complete lens, the interior and useless part of the glass being

removed
;
so that a section of these zones resembles a wedge placed with

the edge uppermost; one side, that next the lamp, being a straight line, the

other an arc of a circle*.

The idea of such a lens appears first to have occurred to the celebrated

Biffon, when engaged in some experiments on burning-glasses ; but he sup-

posed, what is not possible, that it might be ground out of one large piece of

glass. Dr. Brewster, in an article on the same subject in the Edinburgh

• I ri.s\ f.l, Mcmoire sur un nouveau systerae d'eclairage, lu a l’Academie des Sciences, 1822 .
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Encyclopedia, in 1811, showed that it might be built of separate pieces; and

this was an important step, inasmuch as it rendered of easy execution what was

before impracticable. To Dr. Brewster therefore the priority of suggesting this

improvement is due. To MM. Arago and Fresnel, obviously unacquainted

with what had been previously done or recommended, belongs the praise of

having first got such a lens constructed, of combining it with a very powerful

lamp, and above all of giving it a most useful and beneficial practical appli-

cation.

The Cordouan light-house at the mouth of the Garonne, the difficult entrance

to Bourdeaux, has been fitted up in this manner ; and as the lens and lamp used

in our experiments were purchased at Paris of the same makers, a pretty accu-

rate estimate may be formed of its merits when compared with the light-houses

of this country.

Such are the methods at present in use in the best light-houses of Great Bri-

tain or France. The third and last method is that which I have ventured to

propose, and in which the light is derived from a source altogether different

from the preceding two ; a ball or cylinder of lime, intensely ignited, being

substituted for the Argand lamps.

For the purposes of a survey, when portability rather than economy is the

more important object, this intense heat was obtained by directing a stream of

oxygen gas through a flame of spirit of wine : but for a light-house, where, from

the long continuance of the light, economy is a primary object, and portability

is no longer required, it was desirable if possible to substitute hydrogen gas for

the alcohol. As the effects produced in this manner are very remarkable and

considerably exceed those formerly obtained, I shall now give a short descrip-

tion of the apparatus, and then proceed to state the results of our experiments.

Plate XII. fig. 1. represents the lamp. The two gases, oxygen and hydrogen,

proceding from separate gasometers, enter at o and h, but do not mix till they

arrive at the small chamber c, of which fig. 2. is a section ; into this chamber

the oxygen gas from the inner tube is projected horizontally through a series of

very small apertures, and the hydrogen gas rises vertically through a series of

similar apertures at d. The united gases then pass through two or three pieces

of wire-gauze placed at e, and being thus thoroughly mixed, issue through

the two jets against the ball b. To prevent the wasting of the ball opposite
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the two jets, and at the same time to diffuse the heat more equably, it is mad^

to revolve once in a minute, by means of a movement placed underneath thh

plate m
,
and with which the wiref, carrying the ball and passing through the

stem, is connected. Notwithstanding, however, this arrangement, the effect of

the heat is such as gradually to cut a deep groove in the ball, so that at the

end of about 45 minutes it becomes necessary to change it*. In a light-house

where it is of essential consequence to maintain a constant light, it would be

unsafe to entrust this to an attendant, and hence the necessity of devising

some means for remedying this inconvenience. The apparatus represented by

fig. 3. is designed for this purpose, and is drawn in the manner in which it is

applied to a reflector, the dotted outline of which is shown.

The wire a b passes through the focus of the reflector, and upon it are placed

the number of balls at A, required for any given time
;

these, by means of

the shears s, as shown in fig. 4, are admitted between the plates p p, and

thence permitted to fall in succession to the focus. No. 1. represents the focal

ball
; about two minutes before the change, the ball 3. falls into the position 2,

where it becomes gradually heated. At the end of that time, the curved sup-

port t, moving on a pivot, is thrown into the position represented by the dotted

line, by the momentary descent of the ringr, which, receiving an impulse from

the weight iv, acts upon the extremity u of the support. No. 1. falls, but is

prevented fi om descending more than its own diameter by the loop /, and

No. 2. following it, occupies the focus. The support t, being immediately re-

leased, returns by the action of a spring to its former position, retains No. 2,

and suffers No. 1. to escape through the loop into the cistern.

The wire a b and the support t revolve together, and carry round the focal

ball, which is ignited as in fig. 1. by the two jets 2 z. These jets, which are

moveable round the joints d d, enter through small apertures cut in the sides

of the reflector, and are easily adjusted to the proper distance from the ball.

Wherever the light is required to be diffused equally around, the renewal of

the lime may be effected still more easily, by using a cylinder as represented

in fig. 5, instead of a ball, which being gradually raised while revolving, brings

fresh portions in succession opposite the jets. In a reflector, a cylinder occa-

• When a cylinder is used instead of a ball, a ring of minute crystals is found adhering to the sur-

face above and below this groove.
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sions partial shadows at the top and bottom
;
still, however, the simplicity and

certainty with which it may be renewed will probably entitle it to a preference

even in this case.

These different instruments were prepared by Mr. Simms of Fleet-street, to

whom, for various ingenious suggestions, for the trouble which he has bestowed

upon them, and the assistance which he contributed during the progress of

the experiments, I am greatly indebted.

The apparatus for supplying the lamps with gas is represented in fig. 6. It

consists of two strong cylinders, A, 3 feet high, the one for oxygen, the other

for hydrogen : the gas is compressed two or three times in each, the latter by

being generated under pressure, the former by being pumped in. To each of

these gas-holders, a governor, B, is attached, of one of which a section is shown ;

by which means, whatever be the variation of pressure in the gas-holder, pro-

vided it exceed that of the governor, the gas will issue at x with a uniform

and constant stream ; in the present instance under a pressure of 30 inches of

water. Although this apparatus was of great use in the experiments at the

Trinity House, and subsequently at Purfleet, by enabling me to keep within a

small compass a supply of gas sufficient for two hours consumption, and even

to renew it without impeding the progress of the experiments, yet I may re-

mark, that on a large scale the gasometers required would be much more

simple, since compression would no longer be required. This apparatus was

made for me by Mr. Samuel Crosley, the ingenious inventor of the gas-

governor.

Our first experiments were on the illuminating powers of the different lights,

independently of the lenses or reflectors with which they are generally used.

The method of shadows and that of equally illuminated surfaces, both depend-

ing on the same principle, but requiring different instruments, were employed *

;

the former after the manner of, and with all the precautions recommended by,

Count Rumford
-f- ; the latter according to the arrangements proposed by

Mr. Ritchie who was kind enough on this occasion to make several experi-

ments with his own instruments, and without being made acquainted with the

results previously obtained by us. The standard we used was an excellent

* Bouguer, Traite d’Optique. f Phil. Trans. 1794, Part I. page 67.

f Phil. Trans. 1825, Part I.
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Argand lamp £ inch in diameter, supplied with the finest spermaceti oil, and

capable of supporting a flame If inch in height. The following results were

obtained

:

French lamp, Mean of 5 observations by shadows .

9 .

6 by illuminated surfaces 12

Wax candles, !§ inch

Standard. diam., the wick con-
sisting of 40 threads.

1 . . = 9.1

8.7

Oil gas burner, same 1

diam. as standard.)
-by shadows . 0.95

4*= 94.6

= 8 ./

Lime-ball or cylin-

der § inch diam.

9.21

10.4
'

-by illuminated surfaces 18.6
|

16.0J

>13.5 =122.9

The light of the ball, depending upon the intensity of the heat, is very dif-

ferent at different parts, being greatest opposite the jets, and diminishing

towards the sides. The mean of the greatest and least intensity is taken in

the above Table
;
and moreover, though the greater number of observations

might appear to warrant giving greater weight to their results, yet being

made on the same day, and under the same circumstances, it was found that

the results seldom differed, whatever might be the number of observations ;

hence the arithmetical mean is taken, and we obtain this remarkable result,

—

that the light emitted by a lime-ball only § of an inch in diameter, heated by

two jets, is equal to 13 Argand lamps.

With respeet to the intensity or intrinsic brightness of the different lights,

the property on which their utility in light-houses more immediately depends,

we have the following results :

The intensity of

French lamp. Mean of 1 1 observations by shadows. .

8
. .

Oil gas 6 . .

Lime G .

3 by illuminated surfaces

=
4,.

|= 3.8 i

5 -

}

4.1

3

0.85 f
263.9

264.4

Mean.

4.0

264.1

times

the in-

V tensity

of the

Stand-

ard.

* The result given by Fresnel, in the memoir quoted above, considerably exceeds this, being stated

at 17 lamps of Carcel. I know not to what cause this difference is to be attributed,

f Tl is low degree of intensity indicates impurity in the gas.
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These results were obtained by screening the different lights, and then

placing equal apertures opposite each, changing the apertures and taking the

mean to destroy the effect of any inaccuracy in size. The intensity of the

lime-ball being therefore 264 times that of the Argand lamp, a single reflector

illuminated by the former will be equal to 264 reflectors illuminated by the

latter
; but the divergence of the reflected light, depending upon the size of the

luminous body in the focus, will be smaller with the ball than with the lamp in

the proportion of about 3 to 8 : hence in such a light-house as that of Beachy

Head, 8 reflectors may be substituted for 30, and yet an effect would be pro-

duced 26 times greater than that of the present light, the most perfect of its

kind in this country.

By similar experiments it was found that the French lens was equal to 9.1

reflectors; and if the effect of the additional lenses and reflectors which ought to

accompany it, and which has been estimated at one-seventh, be added, then the

lens is equal to 10.4 reflectors. In like manner, therefore, the effect of a single

reflector with a lime-ball would be equal to 25 times that of such a combination

of lenses.

Such appear to be the singular and important results of our late experiments

at the Trinity House, made as they have been with every precaution by diffe-

rent individuals, with different instruments, and unbiassed by the knowledge

of each other’s results. I see no reason to doubt their accuracy
; and the com-

parative appearances of these different lights, when exhibited at a distance of ten

miles, to which I shall presently allude, though not admitting of being reduced

to numbers, confirm the striking superiority of this method of illumination.

It may now perhaps be asked. At what expense can such a light be main-

tained ? Can the gases by which the requisite heat is produced be procured at

such a price as to compete with oil or coal gas ? The data I possess for form-

ing an estimate of the expense of the gases are very scanty, but the quantity

consumed was accurately determined ; at the same time the consumption of

the other lights was also tried, and the results are as follow

:

An Argand lamp seven-eighths of I

an inch in diameter . ... f
The same placed in a reflector . .

The French lamp

Consumption
in hours.

1 gill . . .

H gill •

2 qts. \ pt. .

Expense
per hour.

0.69 penny

0.83 penny

Is. 2\d.

3 EMDCCCXXX.
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The lime requires 4 cubic feet of hydrogen and 2 of oxygen per hour, and

the probable expense is 5 d. per hour.

In a revolving light of the first class, containing 30 reflectors, the expense

per hour would therefore be about 2s. Id. If the French method were em-

ployed, the increase of light would be ith, and the expense only Is. 2\d. per

hour. If six reflectors illuminated with lime-balls were used, which would

probably be sufficient, the probable expense would be 2s. Qd. per hour, and the

increase of light 26 times.

If this estimate be erroneous, I think it will prove to be so in excess : ad-

mitting, however, that the expense should, in the first instance, somewhat ex-

ceed what has been stated, it may in this as in every similar instance be

expected that after a little experience a considerable reduction would be effected.

This is a new source of artificial light, differing from every other at present in

use, and the materials by which it is produced are among the most abundant

products of nature ; but never having yet been applied on a great scale to any

practical purpose, it has not hitherto been an object to obtain them in a sepa-

rate state at a small expense. When this is effected, it will no doubt receive

many useful and important practical applications.

Meanwhile, however, the case in question may perhaps be regarded as one

where expense ought not to be a primary object of consideration. On all ordi-

nary occasions, the preference of one mode of illumination to another is a

question of convenience, luxury or economy; but in this it assumes a more im-

portant character, for it involves to a great extent the preservation of life and

property.

To complete the preceding account, it only remains to add a description of

the appearances presented by the different lights when exhibited at a distance ;

and to those who have entered with any degree of interest into the above de-

tails, such a description, it is hoped, cannot fail of proving acceptable.

The experiments at the Trinity House being concluded, the whole of the ap-

paratus was removed to Purfleet, where on a knoll of chalk about 100 feet

above the river a temporary light-house had been erected, and being fitted with

the requisite machinery, the different lights were made to revolve in succession,

and the appearance which they presented, as well as the duration of the light,

were observed from the Trinity Wharf at Blackwall, a distance in a straight

line of 10£ miles.
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The four faces of the revolving machine were thus occupied

:

No. 1 . A single reflector 21 inches diameter, 3 inches focal distance, with

an Argand lamp.

No. 2. Seven reflectors with ditto.

No. 3. French lens, with its lamp.

No. 4. Single reflector with lime-ball.

The respective lights were accurately placed in focus.

On the evening of the 10th of May, the machine performing one revolution

in eight minutes. Captain Pelly of the Trinity House made the following ob-

servations on the different lights from the Trinity House Wharf, Blackwall,

10^ miles distant.

No. Duration. Divergence.

Computed
maximum
Divergence.

min. sec.

1 0 25 17-40 17-81

2 0 25 17-40 17-81

3 0 7 5.17 5.18

4 0 9 6.12 6.7

When No. 4, the reflector lighted with the lime-ball, was turned towards

the Wharf, the light was so great that the shadow of the hand and fingers was

distinctly visible even on a dark brick wall, while no such effect was discern-

ible when the other lights were turned in the same direction.

In order more justly to estimate their comparative effects, No. 4. was removed

to a temporary tent about twenty-five yards to the right of the light-house, as

far as the edge of the cliff would permit, and on the evenings of the 25th and

31st May regular series of experiments were made. Being engaged at Pur-

fleet, directing these exhibitions, I never had an opportunity of witnessing their

effects at Blackwall ; but Captain Basil Hall, R.N., who from the interest

which he took in these experiments was an attentive observer of all that oc-

curred, has at my request kindly favoured me with the following interesting

account

:

4, St. James’s Place, 1st June 1830.
“ My dear Sir,

“You wished me to take particular notice of last night’s experiments with

the different kinds of lights exhibited at Purfleet, and observed at the Trinity

3 e 2
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Wharf, Blackwall ;
but I have little to add to what I told you respecting those

on the evening of the 25th instant : indeed it is not within the compass of lan-

guage to describe accurately the details of such experiments, for it is by ocular

evidence alone that their merits can be understood.

“ Essentially the experiments of last evening were the same as those of the

25th, and their effects likewise. The degrees of darkness in the evenings how-

ever were so different, that some particular results were not the same. The

moon last night, being nine or ten days old, lighted up the clouds so much,

that even when the moon herself was hid, there was light enough to overpower

any shed upon the spot where we stood by your distant illumination : whereas

on the 25th, when the night was much darker, the light cast from the tempo-

rary light-house at Purfleet, in which your apparatus was fixed, was so great

that a distinct shadow was thrown upon the wall by any object interposed.

Not the slightest trace of any such shadow, however, could be perceived when

your light was extinguished, and any of the other lights were exposed in its

place.

“ In like manner on the evening of the 25th it was remarked by all the party

at the Trinity Wharf, that, in whatever direction your light was turned, an im-

mense coma, or tail of rays, similar to that produced by a beam of sun-light in a

dusty room, but extending several miles in length, was seen to stream off from

the spot where we knew the light to be placed, although, owing to the reflector

being turned too much on one side, the light itself was not visible.

“Now, last night there was none of this singular appearance visible; but

whether this was caused by the presence of the moonlight, or by the absence

of the haze and drizzling rain which fell during the evening of the 25th, I can-

not say. I had hoped that the appearance alluded to was to prove a constant

accompaniment to your light, in which case it might, perhaps, have been

turned to account for the purposes of light-houses. If in hazy or foggy

weather this curious effect of reflected light from the atmosphere be constant,

it may help to point out the position of light-houses, even when the distance

of the observer is so great that the curvature of the earth shall render it impos-

sible for him to see the light itself.

“ The following experiments tried last night were the same as those of the

25th, and certainly no comparative trials could be more fairly arranged.
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“ Exp. I. The first light exposed was the single Argand burner with a reflector.

This was quite distinctly seen, and all the party admitted it to be a good light.

After several minutes this was put out.

“ Exp. II. The seven Argand burners were next shown, each in its reflector

;

and this was manifestly superior to the first ; but how much so I cannot say,

perhaps four times as conspicuous. Both these lights had an obvious tinge ol

brown or orange.

“Exp. III. The third light which was exposed, (on the seven Argands being put

out,) was that behind the French lens; and I think it was generally admitted by

the party present, that this light was whiter and more intense than that from

the seven Argands, though the size appeared very much the same.

“ Exp. IV. The fourth light was that which you have devised, and which, in-

stead of the clumsy word ‘Lime’, ought to bear the name of its discoverer. The

Drummond light, then, the instant it was uncovered, elicited a sort of shout of

admiration from the whole party, as being something much more brilliant than

we had looked for. The light was not only more vivid and conspicuous, but

was peculiarly remarkable from its exquisite whiteness. Indeed there seems no

great presumption in comparing its splendour to that of the sun
;
for I am not

sure that the eye would be able to look at a disk of such light, if its diameter

were made to subtend half a degree.

“ The next series of experiments was the most interesting and decisive of

all. Each of the lights above enumerated, viz. the single Argand burner, the

seven Argands, and the French lens, were exposed, one at a time, in company

with your light, in order to try their relative brilliancy.

“ First comparative Experiment.—The singleArgand burner was first exposed

to this comparative ordeal, and nothing could be more pitiable than the figure

it cut. Many of the party could not see the Argand light at all ; while others

could just detect it
c away in a corner,’ as some one described it. It was also

of a dusky orange tinge, while your light was of the most intense whiteness*.

“ Second comparative Experiment.—The seven Argand burners were now

substituted in place of the single light. All the party could now see both

* To many, the rays from the brighter light appeared, when seen with the naked eye, to extend

across and envelope the fainter light, though the perpendicular distance between them was twenty-

five yards.
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lights, but the superiority was not much less obvious. I really cannot affix a

proportion either as to size or brilliancy ; but I should not hesitate to say that

your light was at least six or eight times as conspicuous ; while in brilliancy, or

purity, or intensity of light, (for I know not precisely what word to use to

describe the extreme whiteness,) the superiority was even more remarkable.

All this which I have been describing was expressed, and appeared to be quite

as strongly felt by the rest of the company, to the number, I should suppose, of

five-and-twentv or thirty persons, who were all closely on the watch.

“ Third comparative Experiment.—The next comparative trial was between

the French lens and your light. The superiority here was equally undeniable

;

though the difference in the degree of whiteness was not so remarkable. The

French light, however, is so nearly similar to that from the seven Argands, that

the comparison of each of them with your light gave nearly the same results,

and all equally satisfactory on the score of your discovery.

“Final Experiment.—The flashes with which the experiments concluded were

very striking, and might I think be turned to great account in rendering light-

houses distinct from one another. The revolutions were not effective, and, as

1 said before, there was no appearance last night of those enormous comets’

tails which swept the horizon on the night of the 25th, to the wonder of all

who beheld them : neither could there be detected the slightest trace of any

shadow from the light thrown towards us, and I suspect none will ever be

'een, when the moon, whether the night be clouded or not, is of so great a

magnitude.

“ Such is the best account I can give of what we witnessed ;
and I need only

add that there seemed to be amongst the company but one opinion of the im-

mense superiority of your light over all the others brought into comparison

with it.

“ I am, &c.

“ Basil Hall.”

The advantage of such a light being fully recognised, attention may now be

exclusively directed to remove some of those minor obstacles that might render

its use in light-houses objectionable; and I have great pleasure in adding that

the Trinity Corporation are desirous that every, facility in their power should
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be afforded with a view to effect this object, and that a series of preliminary

experiments is accordingly to be carried on at their expense.

Simple as the apparatus and the experiments now described may appear, they

have occasioned more trouble and anxiety than would be supposed by those

who have not been engaged in similar pursuits ;
but, on the other hand, I fully

acknowledge the encouragement derived from the interest which they appeared

to excite.

His Royal Highness the Duke of Clarence, Master of the Trinity Corpora-

tion, was pleased to be present on one occasion, and remained more than an

hour, entering with great interest into the details, and expressing himself much

gratified with the effects which were produced.

Sir George Cockburn and Mr. Barrow from the Admiralty, and several

other naval men whose opinions on such subjects are entitled to the utmost

deference, not only attended at the Trinity House, but went afterwards to

Blackwall to observe the relative appearance of the lights when exhibited at

a distance. The night of the 31st May had been appointed by the Deputy

Master for this purpose
;
and, being desirous that the subject should be fully

scrutinized, I was glad to learn on returning from Purfleet that, besides the

gentlemen immediately connected with the Trinity House, the experiments

described in Captain Hall’s letter had been witnessed by Admiral Sir Thomas

Hardy ; by the Lord Advocate of Scotland, one of the Commissioners for the

northern light-houses ; by Sir Thomas Brisbane, Colonel Colby, Captain Beau-

fort, Hydrographer to the Admiralty, and several other individuals eminent

for their professional and scientific attainments ; and as far as I have been able

to learn, the opinions of these distinguished persons coincide with those ex-

pressed by Captain Hall, who in fact, as he has given me authority to state,

endeavoured to frame his account of what passed in strict conformity with

the general sentiments of the party, and neither to exaggerate nor under-rate

any of the results.

It now only remains for me to perform the agreeable task of bearing testimony

to the liberal spirit evinced by the Trinity Corporation on this occasion, and to

the desire which they have manifested of facilitating, by every means in their

power, the introduction of this method of illumination into light-houses. Indeed

I hesitate not to express my belief that, if this do not take place, it will arise
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from some insurmountable difficulties in the way of its practical application,

and not from the want of a full and impartial trial on the part of that body,

to whom these establishments are entrusted.

1 owe this acknowledgement in an especial manner to John Woolmore, Esq.

the Deputy Master of the Corporation, to Captains Clarke, Pelly and Browne,

the gentlemen constituting the Light Committee, for the fairness and impartia-

lity of their decisions, as well as the indulgence which they extended to those

defects inseparable from anew apparatus; and to Mr. Herbert the Secretary,

for his uniform desire to promote every arrangement that appeared likely to

bring this inquiry to a satisfactory termination.

To these acknowledgements I may be permitted to add my obligations to my
commanding officer and friend Colonel Colby, for the facilities he has afforded

me in carrying on these experiments, and for the advice and assistance which

he has on this and many other occasions so kindly rendered me.

London, June 1 "Jth, 1830



XXV. On the electro-magnetic properties of metalliferous veins in the mines

of Cornwall. By Robert Were Fox of Falmouth. Communicated hy the

President.

Read June 10th, 1830.

In one of my communications to the Cornwall Geological Society on the

high temperature of the interior of the earth, I ventured to express a belief that

mineral veins, and the internal heat, are connected with electrical action. This

opinion, founded as it was on the curious arrangement of the veins, &c. in pri-

mitive rocks, I have had the satisfaction to find confirmed by experiments

made in some of the mines of Cornwall; and, I doubt not that the existence of

electricity in metalliferous veins similarly circumstanced, and capable of con-

ducting it, will prove to be as universal a fact, as the progressive increase of

temperature under the earth’s surface is now admitted to be, much as my
conclusions on this point were at one time controverted.

In my first experiment I did not succeed in detecting any electricity; but in

my second I had the gratification to observe considerable electrical action.

My apparatus consisted of small plates of sheet copper, which were fixed in

contact with ore in the veins by copper nails, or pressed closely against it

by wooden props, stretched across the “ levels” or galleries. Between two of

these plates at different stations, and a galvanometer*, a communication was

made by means of copper wire one-twentieth of an inch in diameter, which was

at first coated with sealing-wax
; but afterwards this precaution was dispensed

with.

* It may be proper to describe the galvanometer employed in making many of my electro-magnetic

experiments. The magnetic needle was three inches and a quarter long, one-eighth of an inch wide,

and one-twenty-eighth thick. It was inclosed in a box four inches square and one inch in depth,

having a plated copper wire one-fiftieth of an inch in diameter coiled round it twenty-five times. No

magnet was used to neutralize the terrestrial polarity. In my earlier experiments a less delicate gal-

vanometer was employed.

3 FMDCCCXXX.
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The accompanying sketches are intended to represent the plans adopted,

and the results obtained in various mines, and under different circumstances.

In some instances nearly 300 fathoms of copper wire were employed*.

The intensity of the electro-magnetic action differed greatly in different

places :—in some cases the deviation of the needle was inconsiderable, in others

it went completely round the circle. In general it was greater, cseteris paribus,

in proportion to the greater abundance of copper ore in the veins, and in some

degree perhaps to the depth of the stations ;—and where there was little or no

ore, there was little or no action. Hence it seems likely that electro-mag-

netism may become useful to the practical miner in determining with some

degree of probability at least, the relative quantity of ore in veins, and the

directions in which it most abounds.

When the distance of the plates from each other in a horizontal direction

was only a few fathoms, and the copper ore between them was plentiful, and

uninterrupted by non-conducting substances, or the workings in the mine, no

action occurred, owing no doubt to the good conducting power of the vein

;

but where a cross vein of quartz or clay happened to be between the plates

under similar circumstances, the action was usually great.

When the communication was established between two plates at different

depths on the same vein, or between different veins, whether at the same level

or otherwise, the electrical action was in general the most decisive. In fact,

veins which in some instances were almost destitute of ore, and did not affect

the needle per se, did so, though perhaps only in a slight degree, when elec-

trical communications were made between them.

It will be seen that the direction of the positive electricity was in some cases

from east to west, and in others from west to east ;
and when parallel veins

were compared, its general tendency was, I think, from north to south, though

in several instances it was the reverse. In veins having an underlie towards

• I am indebted to the kindness of my brother, Lewis Fox, for the experiments referred to in

Fig. 3, 13, & 22 ;
to W. J. IIenwood for those in Fig. 8, 25, & 26, and to Richard Tregaskis

for those represented in Fig. 16, 17, & 27. They moreover all assisted me materially on several

occasions in making my experiments, especially my brother, who was my companion in most of my

descents into the mines. To the various mine agents I am also under particular obligations, for their

great attentions and personal assistance
; some of them having remained with us underground ten or

eleven hours together.
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the north, the east was commonly positive with respect to the west
; but in

veins dipping towards the south, the contrary was observed, with one exception

only, and that under rather unusual circumstances. (See Fig. 27-) In compa-

ring the relative states of veins at different depths, the lower stations appeared

to be negative to the upper
; but exceptions sometimes occurred when a

cross vein of quartz or clay intervened between the plates, and the higher

one was on the negative side with respect to the horizontal currents. (See

Fig. 8. & 12.)

In such cases it may be supposed that there is an accumulation of electricity

in different states, on the opposite sides of the non-conducting vein. Such in-

tersections of ore veins, and their being often very rich to a great depth in one

direction and not in another, added to their varying underlie at different

depths, which is not unfrequently reversed, may tend to produce apparent

anomalies in experiments of this nature.

At Huel Jewel mine, I obtained results between a heap of copper ore at

the surface, and a plate fixed at different depths against the ore in the vein

;

the latter becoming more negative, in proportion to the depth at which it

was placed. Piles of copper ore at the surface did not act op the needle when

tried together, independently of veins, nor was it to be anticipated that they

would.

It is not improbable that the progressive increase of negative electricity ob-

served in descending into our mines, if hereafter confirmed, may be found to

be connected with the progressive increase of temperature. I have not, how-

ever, discovered any distinct connection between them at the same level, but

then the differences of temperature are comparatively small. Nor does the

electricity appear to be influenced by the presence of the workmen and candles,

or by the explosion of gunpowder, although some veins of copper ore were

blasted on different occasions in the immediate vicinity of the copper plates.

And at a very productive copper vein in Great St. George Mine, the ground is

so soft that gunpowder is not used
;
yet the needle was powerfully acted upon

by the electricity it contained. On this occasion, as well as on some others,

I remained with the galvanometer at the surface, letting the wires down through

the shafts ; and in this manner I have sometimes found the electricity act with

3 f 2
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considerable energy, so as even to cause the needle to revolve with some velo-

city.

In connection with the electricity of veins, I deemed it desirable to ascer-

tain the relative power of conducting galvanic electricity possessed by many

of the metalliferous minerals ; and it appeared to be in about the following

order, viz.

Conductors .

Copper nickel,

C Purple copper,

< Yellow sulphuret of ditto,

(^Vitreous ditto,

Sulphuret of iron.

Arsenical pyrites,

Sulphuret of lead.

Arsenical cobalt,

Crystallized black oxide of manganese,

Tennantite,

Fahlerz.

lery imperfect conductors.

Sulphuret of molybdenum,

Sulphuret of tin, or rather bell-metal ore.

Non-conductors.

Sulphuret of silver.

Ditto of mercury,

Ditto of antimony,

Ditto of bismuth,

Cupriferous ditto,

Realgar,

Sulphuret of manganese,

Ditto of zinc,

Mineral combinations of metals with oxygen, and with acids.
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All the conductors of galvanic electricity were so likewise of common elec-

tricity ; to which may be added the oxide of tin, and, in a less degree, the sul-

phurets of bismuth and silver, the phosphate of manganese, and a few of the

oxides. Sulphuret of zinc appeared to be a more perfect non-conductor of

common electricity as well as the sulphuret of antimony, than the red oxides

of those metals.

Amongst the rocks prevalent in Cornwall, clay-slate or “ killas” seemed to

possess the property of conducting common electricity in a slight degree, but

only in the direction of its cleavage, perhaps owing to the moisture it retained.

I mention these facts in some detail, because it is curious to observe that the

conducting power of metallic ores appears to have no reference to any of the

electrical or other properties of the metals in a pure state, or to the proportion

of them in combination. Silver and mercury, for example, are combined with,

comparatively, very small quantities of sulphur ;—and zinc, which seems to

hold an opposite place to silver in the electrical scale, is also found in combi-

nation with a much less proportion of sulphur than is contained in copper

pyrites, though the latter is one of the best mineral conductors of electricity.

There are many other analogous examples, which prove that no conclusion

can be drawn a priori, from the nature or chemical arrangements of minerals,

as to their relative electrical properties.

Much time and attention have been bestowed by geologists on the conside-

ration of the origin and comparative ages of veins, and but little, I apprehend,

on the purposes for which they are designed.

It appears to me that it will prove a vain attempt to reconcile a multitude

of facts observable in our mines with any known natural causes.

I may refer to a few of them :

—

1st. The very oblique descent of a large proportion of the veins into the

earth, in some cases in very hard rock, and in others in ground so soft that

it would immediately fall in, however small the excavation, without being

completely supported by timber. Were it possible to conceive fissures to exist

under such circumstances, it is not reasonable to suppose that they would not

take the direction in which the resistance would be least, that is, either the

vertical, or the line of the cleavage of the rocks.

2nd. Veins are often divided into branches, which unite again at a consider-
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able depth, including between them vast portions of rock perfectly insulated

by the ore or vein-stones from the general mass : these, it is evident, could not

have existed as fissures for a moment.

3rd. Veins are continually subject to changes in their horizontal direction

and underlie ; their size also often varies exceedingly, one part being many

times wider than another, without any reference to their relative position or

depth under the surface.

4th. Although a portion of their vein-stones are usually quite distinct in their

characters from the rocks they traverse, they are generally, in part, of the

same nature, and vary with the containing rocks, whether granite, elvan, killas,

&c. ; and they are commonly too regularly arranged in the veins, and are

found inclosing insulated portions of the ore, &c. in their very substance, to

admit of the idea of their having been originally mere broken fragments of the

inclosing rocks.

At Dolcoath Mine there is an instance of one ore vein intersecting another

at different depths, and being itself intersected and even shifted by the same

vein at a greater depth. I have given a sketch of these intersections in Fig. 27,

(for which I am indebted to Captain Petherick of that mine,) as I am not aware

that it, has been before noticed.

Many other facts might, if it were necessary, be accumulated, relative to the

position and intersections of veins, as well as the nature and arrangement of

their contents, which, with those I have stated, are calculated to throw entire

discredit on the various hypotheses which have been invented to account for

their origin. But my object is, rather to suggest whether the arrangement of

veins, &c. does not argue design, and a probable connection with other pheno-

mena of our globe.

Metalliferous veins, and those of quartz, &c. appear to be channels for the

circulation of the subterraneous water and vapour; and the innumerable clay

veins or “ ffucan courses” (as they are termed in Cornwall,) which intersect

them, and are often found contained in them, being generally impervious to

water, prevent their draining the surface of the higher grounds as they other-

wise would, and also facilitate the working of mines to a much greater depth

than would be practicable without them.

With respect to their electrical properties, it may be observed, that ores
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which conduct electricity have generally, in this county at least, non-conduct-

ing substances interposed in the veins between the ore and the surface. Thus

a brown iron ochre with quartz, &c. named “ gossan” by the miners, is almost

invariably found resting on copper. Sulphuret of zinc occurs sometimes in the

same situation, both with regard to copper and lead ; but tin ore, which is a

non-conductor, is without either, and is mostly found nearer the surface than

copper.

Tin veins are usually intersected by those of copper when they do not coin-

cide in their horizontal direction or underlie ; thus, in this case, the conducting

veins traverse the non-conducting ones. And when two veins of copper meet

at opposite angles in descending, they are, I apprehend, generally found to be

unproductive at and near the place ofjunction ; but when they unite, proceeding

downward in the same direction but at different angles, they are commonly

observed to be enriched. These facts appear curious when regarded in con-

nection with the opposite currents of electricity in veins having opposite dips.

There are some districts in this county in which the ore veins have generally

a north underlie, and in others the south prevails
;
and it often happens that

when lodes occur which deviate from the prevalent underlie of the others, in

any district, the former are intersected, and sometimes shifted by the latter.

This is strikingly the case in numerous mines in the parishes of St. Agnes and

Perran.

The usual horizontal bearing of the copper and tin veins in our principal

mining districts, appears to be nearly E. and W., or rather from E.N.E. to

W.S.W. ; but in others they deviate materially from these directions, sometimes

to E.S.E. and W.N.W. : indeed, in some places this is the prevailing course

of the veins of ore.

When veins containing the sulphuret of silver occur, (which as I have before

stated is a non-conductor of electricity,) they are generally found nearly at

right angles to the copper and tin veins, and seem thus to assume in great

measure the character of cross veins of quartz, clay, &c.

With respect to the two latter, it has been observed that when they shift the

ore veins, there is frequently to be found in them scattered stones of ore, or a

small vein of it, or “leader” (to use a mining term), between the dislocated

parts of the lode. This is also the case often with slides ; so that, although
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t lie horizontal transfer of the electricity may be much impeded, it does not

seem to be wholly intercepted. The quartz contained in cross veins is usually

of a fibrous or radiated texture, and differs materially from that found in the

east and west veins.

All our mining districts abound more or less with veins or dykes of a rock

generally possessing a porphyritic character, termed by the miners “ Elvan

courses.” Their width is extremely various, sometimes as much as fifty fathoms

and upwards. Their direction in general is nearly N.E. or E.N.E. to S.W. or

W.S.W., and their underlie is with few exceptions towards the N.W., and at

various angles from the perpendicular, often exceeding 45°. They are pene-

trated by ore-veins in almost every direction, from their greater underlie, and

usually more considerable deviation from an east and west bearing than the

latter. It has been observed that copper and tin lodes generally become

changed in quality whilst in the elvan*; and indeed this remark applies to

any change of rock : thus a vein productive in granite commonly becomes

barren in killas, and vice versa.

Many of the phsenomena above referred to, bear striking analogies to com-

mon galvanic combinations, and the discovery of electricity in veins seems to

complete the resemblance.

I have been informed by intelligent persons who have visited some of the

mining districts of Mexico, Guatimala, and Chili, that there is a general resem-

blance between the veins, elvan courses, &c. in some parts of those countries

and our own ; and I think it has been noticed by Baron Humboldt, that the

st ratification of primitive rocks in different, and far distant parts of the world,

has a general tendency from the N.E. towards the S.W.

Such analogies become highly interesting when regarded in connection with

terrestrial electricity, magnetism, and heat; for if it be granted that the two

latter increase in intensity at great depths in the earth, they are evidently

so connected with electrical action that the augmentation of it also, in the

interior of the globe, may be reasonably inferred.

However this may be, assuming that metalliferous veins exist more or less in

primitive rocks generally, (and experience favours this assumption, whether we

It lias been remarked of copper lodes, that they are often improved in quality whilst in elvan,

particularly if it be not very hard.
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refer to the new mines which have been discovered in various parts of North

and South America, Siberia, Ireland, See. or to the mining county of Cornwall,

in which whole districts have comparatively of late been found abounding

with mineral treasure, where none had been formerly suspected to exist,)

it may I think be presumed, that the electrical currents, which so affect

the needle in the galvanometer, may likewise influence the direction of the

magnetic needle on the surface of the earth : at least no explanation of this

phenomenon appears to be so plausible, or so well connected with ascertained

facts. Even the cause of the variations of the needle, mysterious as it has

hitherto appeared to be, may probably be referred to the relative energies of

the opposing electrical currents, which are perhaps subject to occasional modi-

fications ; and the appearance of earthquakes and volcanic action, from time

to time, seems to countenance the probability of such changes.

Nor should it be overlooked in reference to this view of the subject, that the

oblique bearing which is generally observable in the strata and veins, with

respect to the equator, causes them, as it were, to cross at opposite sides of the

globe in the same parallels of latitude, so that their tendency, if any, must

necessarily be to produce more than one magnetic pole in each hemisphere.

Thus, in this respect also, the hypothesis accords with the interesting fact

lately announced ;—of Professor Hansteen having ascertained the existence of

a second magnetic pole within the arctic circle. The revolution of the earth

on its axis from west to east seems moreover to harmonize with the idea of

oblique electrical currents ; since rotation in the same direction may be pro-

duced by corresponding electro-magnetic arrangements.

Before I conclude, I will briefly mention a few facts relative to the tempera-

ture of some of the mines in Cornwall.

At Tingtang copper mine, in the parish of Gwennap, at the bottom of the

engine shaft, which is in killas, and 178 fathoms deep, the water about two

months ago was at the temperature of 82°. In 1820, when the same shaft was

1 05 fathoms deep, the temperature of the water was 68° : thus an increase of 1
4°

has been observed in sinking 73 fathoms, which is equal to 1° in 5 fathoms.

At Huel Vor tin mine, near Helston, the water was 69° at the bottom of a

shaft 139 fathoms deep, in the year 1819. It is now 209 fathoms deep, and

3 aMDCCCXXX.
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the temperature is 79°, which gives a mean increase of 1° in sinking 7 fathoms.

This part of the mine is in killas.

The highest temperature of the water at the bottom of Poldice copper and

tin mine in the parish of Gwennap, in 1820, which was then 144 fathoms under

the surface, was 80°. It is now 176 fathoms deep, and the temperature is 99°;

and in a cross level 20 fathoms further north, the water is 100°*.

The two last-mentioned temperatures are the highest hitherto observed in

any of the mines of this county; and the increase is equal to 19° in one case,

and 20° in another, in sinking 32 fathoms, or 1° for 1^ fathom. Three persons

only were employed at a time near each of these stations, and the water

pumped up from this part of the mine was estimated at 1,800,000 gallons in

twenty-four hours ; and I found on examination that it contained a considera-

ble quantity of common salt in solution.

* The thermometer used on these occasions was compared with others, and corrected one degree.
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Explanations.

Sections of Cross Veins marked thus

Section dotted, Granite.

Short line section, Clay Slate.

The arrows mark the direction of the positive electricity through the wire, which is represented by

the black lines, and the number of cross marks on the arrows are increased according to the increase

of electrical intensity.

© Marks the stations of the Galvanometer.

Q The copper plate at the bottom of a level.

O Ditto at the back of a level. They are shaded in proportion to the richness of the veins,

which are all of copper ore, except Fig. 11 & 18, and those otherwise marked in Fig. 19 & 21.

B.S. Bottom of the Shaft.

fs D. Depth from Surface in fathoms.

00° Temperature at the Stations of the plates.

Scale ofJuzt/ioms
10 5 O 10 VO'S 30 40 30 60

Wires corresponding with the directions of the ore Veins or Lodes, from Fig. 1. to 18.

Huel Jewel.

South Lode.

North Underlie 23°.

WEST
EAST.
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On Roche’s Lode.

North Underlie 12°.

Fig. 3.

Tingtang Mine.

On junction of Old and Middle Lodes.

North Underlie 24°.

Fig. 4.

POLDICE.

Old Ore Lode.

On William’s Lode.

North Underlie 27°.

Fig. 6.

Huel Unity.

On Garby’s Lode.

North Underlie 27°.

Fig. 7.

IIuel Damsel.

On South Lode.

North Underlie 20°.

Fig. 8.

Dolcoath Mine.

On Richard’s Lode, perpendicular.

Fig. 9. Fig. 10.
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Huel Vor.

On Tin Lode.

North Underlie 33°.

Fig. 11.

Tresavean Mine.

On Main Lode.

South Underlie 5° to 10°.

Fig. 12.

positive, negative.

a with e

a
a
a
n
e

m
m
n

m
n
s strong action,

s ditto

s

s

e very slight.

e— e ditto

Fig. 13.

Great St. George.

South Underlie 5°.

Fig. 14.

Dolcoath.

On Caunter Lode.

South Underlie 12°.

Fig. 15.

positive, negative.

a with m
e

c

m
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Dolcoath.

On Gaunter Lode.

South Underlie 12°.

Fig. 16.

On Harriet’s Lode.

South Underlie 9°.

Fig. 17.

(See intersections of these Lodes, Fig. 27.)

IIuel Rose Lead Mine.

Lode 3 feet wide.

South Underlie 25° to 30°.

Fig. 18.

positive, negative.

a with r strong action

a — m or s ditto

a — n stronger

r — m or s still stronger

r — n ditto

c — r

e — r

x — r

—
O'”)(l
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Transverse sections of parallel Lodes connected by the Wires, from Fig. 19. to Fig. 26.

Poldice Mine. IIuel Leisure.

Tin Lode. Old Ore Lode (copper). Copper Lodes.

Fig. 19 #
. Fig. 20.

mm

SOUTH.

Huel Prosper.

Copper Lode. Lead Lode.

Fig. 21.

13fD.

Tresavean Mine.

Fig. 22.

60fD. positive, negative.

a with r

a — s more strongly.

r — s

Fig. 23.

IIuel Unity.

Copper Lodes.
Fig. 24*.

96fD.

positive, negative.

c with a slight action

n — c stronger

n — a ditto

positive, negative.

o with r very slight action

e — r more
r -

* The parts above the bends or angles in the veins or lodes are intended to represent the horizontal

directions in perspective. The parts under the angles show their underlie.
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IIuel Damsel.

Fig. 25.

S. Lode 2^
feet wide.

N. Lode 4 to 8

feet wide.

positive, negative.

r

a

with e slight

1 30 fathoms deep< a — f greater

(_e — f still more action

150 fathoms deep m — n

Huel Jewel.

Fig. 26.

S. Lode 2 to 4 N. Lode 1^
feet wide. foot wide.

positive, negative.

r with s

r — x great action

Huel Jewel and Huel Damsel Lodes
when connected; distance, 130 fa-

thoms
;
former north of latter,

positive, negative.

a with s

r — a very slight action

Dolcoath Mine.

Supposed bird’s-eye view of the alternate intersections of the Caunter and Harriet’s Lodes,

both copper.

Fig. 27.

Direction of electricity (positive) at the

adit from the Caunter Lode towards the E.

or rather N.E. end of Harriet’s, shown by
the arrows.

On Harriet’s

Lode, pos.

elect, from z

On Caunter

Lode . c

c

to x = an arc of

to a

to x

c to(a8cx)=

(c x) to a —

40°

190°

110°

2 ) 0
°

120°
1
00

|03

no

NORTH.
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XXVI. Sequel to a paper on the tendency to Calculous Diseases, and on the

Concretions to which such diseases give rise. By John Yelloly, M.D. F.R.S. 8$c .

Read June 17, 1830.

In a paper which the Royal Society did me the honour to publish in the last

volume of its Transactions, I gave the analysis of 328 of the calculi contained

in the cabinet of the Norfolk and Norwich Hospital ; but was prevented from

extending my observations over the whole series of specimens, from the cir-

cumstance of the remainder not being then divided. Since that period, how-

ever, the division of the whole has been effected ; and I have therefore been

able to complete the analysis, of which I have now the honour to lay the result

before the Society.

In my former paper I stated it as probable, that the proportions of the diffe-

rent descriptions of calculi, which formed the undivided part of the cabinet,

would not differ materially from that of those which I had analysed ; and this

proves, in a considerable degree, to be the case. But it may be remarked, that

some of the specimens which had been broken in the extraction, and whose

interior had been considered as sufficiently exposed for the correct examination

of all their laminae, were found to exhibit some slight differences in their

centres, on a more complete division.

I shall adopt the same plan which I pursued in my former paper, and present

the results of the analysis in a tabular form, giving, in the order of their occur-

rence from the centre, the consecutive deposits of the different materials of

which the calculi are composed, according to the most prominent character of

such material. I shall include in the Table, both those of the former, and the

present analysis, amounting together to 663 specimens, in order to present, at

one view, a summary of the chemical composition of the whole cabinet *.

* I have placed in the cabinet, a book containing an outline of each calculus, with references
; and

would also observe, that some of the facts stated in this communication, have been added since it was

presented to the Society.

3 HMDCCCXXX.
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Calculi consisting principally of one deposit.

Lithic acid 164

Lithate of ammonia 55

Oxalate of lime 21

Phosphate of lime 5

Mixed phosphates 35

Calculi consisting af two deposits.

Lithic acid and lithate of ammonia 49

and oxalate of lime 10

and mixed phosphates 15

and phosphate of lime 8

Lithate of ammonia and lithic acid 21

and oxalate of lime 63

and mixed phosphates 22

and phosphate of lime 9

Oxalate of lime and lithic acid 15

and lithate of ammonia 3

and mixed phosphates 20

and phosphate of lime 7

and silex 1

Mixed phosphates and oxalate of lime 1

and phosphate of lime 2

Phosphates of lime and mixed phosphates 3

and oxalate of lime 1

Calculi consisting of three deposits.

Lithic acid, oxalate of lime, and phosphate of lime . .... 2

oxalate of lime, and lithate of ammonia 4

oxalate of lime, and lithic acid 5

lithate of ammonia, and oxalate of lime 2

lithate of ammonia, and lithic acid 2

lithate of ammonia, and mixed phosphates 2
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Lithic acid, oxalate of lime, and mixed phosphates 3

Lithate of ammonia, oxalate of lime, and mixed phosphates ... 13

oxalate of lime, and phosphate of lime 13

oxalate of lime, and lithic acid 16

oxalate of lime, and lithate of ammonia 7

phosphate of lime, and lithate of ammonia 1

phosphate of lime, and lithic acid 1

phosphate of lime, and oxalate of lime 1

phosphate of lime, and mixed phosphates 4

lithic acid, and mixed phosphates 6

lithic acid, and lithate of ammonia 1

lithic acid, and phosphate of lime 4

lithic acid, and oxalate of lime 3

Oxalate of lime, lithic acid, and lithate of ammonia 3

— lithic acid, and oxalate of lime 3

lithic acid, and mixed phosphates 5

lithic acid, and phosphate of lime 1

lithate of ammonia, and phosphate of lime 3

lithate of ammonia, and oxalate of lime 2

Mixed phosphates, phosphate of lime, and mixed phosphates ... 1

Calculi consisting offour deposits.

Lithic acid, lithate of ammonia, lithic acid, and lithate of ammonia . 1

oxalate of lime, lithate of ammonia, and phosphate of lime . 1

oxalate of lime, lithic acid, and oxalate of lime 1

oxalate of lime, lithic acid, and lithate of ammonia ... 2

Lithate of ammonia, oxalate of lime, lithate of ammonia, and mixed

phosphates 5

oxalate of lime, lithate of ammonia, and oxalate of lime . . 3

oxalate of lime, mixed phosphates, and oxalate of lime . . 2

oxalate of lime, lithic acid, and lithate of ammonia .... 1

oxalate of lime, phosphate of lime, and mixed phosphates . 1

oxalate of lime, lithic acid, and mixed phosphates .... 1

. oxalate of lime, lithic acid, and oxalate of lime 1

3 h 2
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Lithate of ammonia, oxalate of lime, lithate of ammonia, and lithic

acid 1

phosphate of lime, oxalate of lime, and lithate of ammonia . 1

Oxalate of lime, lithic acid, lithate of ammonia, and lithic acid . . 1

lithic acid, oxalate of lime, and phosphate of lime .... 1

lithic acid, oxalate of lime, and mixed phosphates .... 1

lithic acid, lithate of ammonia, and mixed phosphates ... 1

663

The general results of the annexed Table, differ in no very material respect

from those mentioned in my former paper. The great preponderance of calculi

of lithic acid, and lithate of ammonia, or of their nuclei
; and the usual

presence of carbonate of lime, with phosphate of lime, and the mixed phos-

phates, are prominent characteristics of the whole cabinet. But it will be seen,

with interest, that silex enters into the composition of one specimen ; and as

this is a point of great rarity, I shall state to the Society the circumstances

under which it exhibited itself, and the mode by which its existence has been

ascertained.—In examining a dark brown calculus of oxalate of lime, of about

five grs. in weight, which was removed many years since from a boy of nine

years of age, I found some minute, colourless, transparent crystals, diffused

irregularly in the substance of the dark oxalate, which, from their great hardness,

and their insensibility to all the usual reagents, I suspected to be siliceous.

The specimen was however so small, as to make it important to establish its

nature by one set of experiments only; and I therefore, in my first subsequent

visit to London, in February last, requested a valuable member of this Society,

Mr. Faraday of the Royal Institution, to examine it with me ;
which he obli-

gingly did ; and the following is an account of the experiments which he

employed.

A portion of the calculus being separated, which contained about nine of

these granules, the oxalate of lime, and whatever other substance might be in

combination with it, was destroyed by heat, and afterwards by muriatic acid.

The granules were then left transparent and colourless ; capable of scratching

glass and agate, and unaffected by nitric or muriatic acids. These granules

were then dried and exposed to heat, with a fused mixture of carbonate of
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soda and potash. They gradually dissolved, evolving carbonic acid ; and a

solution of the mass, when cold, being made in water, and neutralized by mu-

riatic acid, gelatinized silica was thrown down from it. A slight excess of

muriatic acid was then added, and the whole evaporated to dryness. After

withdrawing the muriate of potash and soda by distilled water, the silica was

left in its usual white, insoluble state. By comparing the magnitude of these

granules with some which were taken from a sand bath, it was calculated that

they did not average more than the 400th part of a grain in weight. The

granules were thus unequivocally proved to be of silex
; and as they were im-

bedded in, and diffused through, oxalate of lime, a substance of known urinary

origin, it is impossible to avoid the conclusion, that the production, or deposi-

tion of these two substances, went on simultaneously.

I am the more particular in mentioning the circumstances under which the

siliceous deposit exhibited itself, because much discrimination is occasionally

necessary, on the part of medical men, to prevent their being deceived, by the

mistakes of patients, or their friends, in matters of an unusual nature. And as

if the love of exciting surprise and admiration by the marvellous, were not

confined to the traveller, there is sometimes found in patients, however sin-

gular the fact may appear, an inclination to impose on their professional

attendants, by the description or exhibition of something strange and ano-

malous*.

There are only three instances on record, as far as I know, of the existence

of silex in urinary calculi. Two are mentioned by MM. Fourcroy and

Vauquelin as occurring among 600 calculi which they analysed ; and here

the silex was found blended with oxalate of lime, as in the specimen which I

have mentioned. The third was observed by Prof. Wurzer, and its principal

ingredients were phosphate of lime and lithic acid, the weight of the calculus

being 870 grains, and the quantity of silex being one per cent.-f'-. In none of

these calculi, however, is the magnitude of the siliceous particles stated.

The deposition of siliceous gravel is mentioned by Dr. Venables of Chelms-

ford, in a communication published in the Quarterly Journal of Science, Lite-

* Portions of coal, brick, common gravel, and sea shingle, have occasionally been produced, as of

urinary origin.

t Annales de Chimie, tome lx. p. 313.
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rature, and Art, for Oct.—Dec. 1829*
;
and the correctness of that gentleman’s

observations, receives a strong and important confirmation by the instance

which I have brought forward
;
though they might, at first view, be considered

as liable to some doubt, both from the circumstance of the granules being

uncombined, and from its being necessary to depend, to a certain extent, on

the fidelity of the patient as to their source.

Dr. Venables has kindly allowed me the inspection of his specimens, which

bear some resemblance (though they are much more minute, and are of an

amber tinge,) to those which I have mentioned as coming under my own view

;

and he has stated in a letter to me, that in one instance, after carefully

filtering and putting aside for a fortnight, a portion of the urine from which

some of the granules mentioned by him had been derived, he found the

inside of the glass studded, in two or three places, with minute crystals of

silex, strongly resembling those which were thrown down by the urine. The

precise modes in which silex is capable of being held in solution, have not all

of them been distinctly ascertained; but this fact bears a considerable analogy

to the deposition of regular crystals of rock crystal, from solutions of silex in

fluoric acid, or in alkalis, after such solutions have been put aside for a consi-

derable period.

I have not much to add to the statistical observations which I made in my

former communication. I may remark, however, that it appears, from infor-

mation lately obtained by Mr. Copland Hutchison, that the calculations rela-

tive to the tendency to calculous diseases in Scotland, in which I followed

Mr. Smith of Bristol, have been a good deal under-rated ; and that the average

disposition of that part of the kingdom to such complaints, differs but little

from that of England in general'}-.

There seems to be much of the same variation with regard to the prevalence

of calculous diseases in Scotland, that there is in England ;
some districts

being exceedingly liable to these complaints, while others are very free from

* New Series, No. XII. p. 234.

t Further Inquiry into the comparative Infrequency of Calculous Diseases among Sea-faring

People ;
with some Observations on their Infrequency in Scotland. Medico-Chirurgical I ransactions,

vol. xvi. p. 94.
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them. My own inquiries, in addition to the valuable information communi-

cated by Mr. Hutchison, in the paper already referred to, enable me to state

the proportional frequency of the disease in a few districts.

The operations which have been performed at the Dundee Hospital, on cases

belonging to Dundee, and to the county of Forfar generally, are about 54 in

36 years, or 1.38 per annum*; this, as the population is 113,000, is at the

rate of one case for 107,000 inhabitants.

In the Aberdeen Hospital, the proportion is much more considerable
;
for in

the course of 77 years, as by a list which Mr. Cromar of that establishment

was so good as to transmit to me, 285 operations have occurred, on cases

belong to Aberdeenshire, and to the town of Aberdeen, containing together, a

population of 155,000 ; which is at the rate of one case for every 42,000 inha-

bitants. On the other hand, in the Hospital of Inverness, not more than 5

operations, as Mr. Hutchison states, have occurred in the last 20 years,

which, for the population of 90,000 contained in Inverness-shire, including the

town of Inverness, is not at the rate of more than one for every 300,000

inhabitants. But when it is considered, that this hospital is resorted to by the

poor of the contiguous counties of Ross and Nairn, as well as by those of Cro-

marty and Sutherland, the extreme paucity of stone cases, in this mountainous

district, must be manifest.—In the Infirmary of Glasgow, 49 cases have occurred,

in the course of 15 years, according to a list which Dr. Macfarlane did me
the favour to forward to me, or about 3.26 per annum

;
and of these, 31 be-

longed to the city and suburbs, containing about 147,000 inhabitants, which

is at the rate of 2 per annum, or one for every 71,000 inhabitants. The

remaining 1 8 were from the country
;
but I am unable to state the districts

from which they were derived. There is reason, however, to suppose, that the

tendency of the neighbouring counties to this disease, is very much less than that

of Glasgow, for they have only afforded as small a number of calculous diseases

as 18 to the Infirmary of that city, which may be regarded as the principal

establishment for cases requiring capital operations in the West of Scotland.

In the neighbouring town of Paisley, consisting of 38,000 inhabitants,

about 18 cases have occurred in 10 years, all of them of poor inhabitants of

* Observations on the Operation of Lithotomy, by John Crichton, Esq. Edin. Med. & Surg.

Journ. vol. xxix. p. 225.
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the town, which is at the rate of 1.8 per annum, or one for every 21,000 inha-

bitants.

In the Infirmary of Edinburgh, 41 cases have occurred in the last 10

years ; but I have not been able to procure, separately, the numbers which

were derived from the city and the country respectively. Taking-, however,

the proportions as similar to what is found to be the case in the Glasgow

Hospital (which is probably not far from the truth), there would be 24 of that

number belonging to the city of Edinburgh, including Leith, and containing a

population of 138,000, which would be at the rate of 2.4 per annum, or one

case for every 57,000 inhabitants.

In the southern and south-Avest parts of Scotland, as well as in the northern,

the disease is exceedingly rare ;
for Dr. Craigie of Edinburgh informs me, that

it is hardly knoAvn in the Dumfries Hospital, which, as being the only esta-

blishment of this kind south of Edinburgh and Glasgow, takes in a very large

district in that part of the kingdom ; and Sir George Ballingall, the Regius

Professor of Military Surgery in the University of Edinburgh, states to me, on

the most respectable authority, that in Kelso and its neighbouring district,

calculous complaints scarcely ever occur.

The county of Northumberland, and that part of the county of Durham

which is contiguous to the Tweed, a good deal resemble, in the unfrequency

of calculous diseases, the adjoining districts of Scotland ; for by a list which

Avas obligingly transmitted to me by Dr. Headlam of Newcastle, it appears,

that 95 cases of stone operation occurred in the Newcastle Infirmary during

the last 30 years, Avhieh is at the rate of 3.6 per annum. Of this number,

64 belonged to the above district, including Newcastle, with the addition of

Gateshead, which lies on the opposite bank of the Tyne, in the county of Dur-

ham ;
and these afforded 2.13 cases per annum, which, as the population Avas

*213,000, gave one case for every 100,000 inhabitants. But if the country

district be taken Avithout NeAvcastle or Gateshead, there will then be 29 cases

in 30 years for a population of 166,000, and one case for every 172,000

inhabitants.

As very little has been hitherto known concerning the proneness to calculous

diseases in Ireland, though it is generally believed that such complaints are

unfrequent, I have lately instituted inquiries on the subject, at the various
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hospitals in that kingdom, to which Sir Charles Flint, the resident Under-

secretary of State for Ireland in this country, has obligingly given me
every facility. From the result of those inquiries it appears, that calculous

diseases in Ireland are very rare, particularly in its country population. In

various extensive districts from which I have been favoured with returns,

stone is entirely unknown
;
and in others, it occurs with extreme unfrequency.

Thus in the counties of Antrim, Armagh, Londonderry, Donegal, Fermanagh,

Tyrone, Carlow, Kildare, Kilkenny, and Longford ; in King’s County
; and in

the counties of Louth, Wicklow, Clare, Kerry, Galway, Roscommon, Tippe-

rary, and Mayo, containing, together, a population of above three millions and

half of persons, not a single operation of lithotomy has occurred in any of

their respective hospitals since their establishment ; nor has one example,

among the poor of those extensive districts, come within the cognizance of the

eminent and well-informed practitioners, who have done me the favour of

replying to the queries which I transmitted to them on the subject.

In the counties of Down, Monaghan, Leitrim, Sligo, Limerick, and Water-

ford, and in Queen’s County, the population of which amounts together to

about 1,200,000 persons, 9 cases of stone operation only have occurred,

during the whole time to which the records of the hospitals, or the information

or inquiries of their medical officers extend, and which embrace a period

hardly short of 40 years. This is at the rate of not more than 0.25 per annum,

or one case in 4 years.

In the city and county of Cork, containing, together, above 800,000 inhabi-

tants, about 13 operations of lithotomy have been performed in the last 18

years, or about 0.66 per annum, of which 10 occurred to Dr. Woodroffe of

the South Hospital.

In the hospitals of Dublin, including the Meath or county of Dublin

Hospital, it appears from information with which I have been favoured by

Mr. Roney, late President of the Royal College of Surgeons of Dublin, and

Mr. Crampton, the Surgeon-general of Ireland, that about 6 cases occur in

the course of the year ; and this estimate is confirmed by Mr. Carmichael’s

opinion, as stated by Mr. Hutchison.

Making a suitable allowance, therefore, for those counties from which I have
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been disappointed in not yet receiving returns*, it does not appear that more

than 8 operations of lithotomy occur annually among the poor of Ireland,

the whole population of which was considered, in 1821, to be about seven mil-

lions'}-. But when we refer 5 of those cases to the city and county of Dublin,

containing, together, a population of about 350,000, (which, from the documents

with which I have been favoured, seems to be very near the truth,) it will be

seen how minute the proportion of calculous cases must be in the remaining

population of Ireland, when not more than 3 operations of lithotomy occur,

annually, among the poor of a population of between six and seven millions.

I have mentioned in my former paper, a suspicion, from some facts there

stated by me, that the principal occurrence of calculous diseases is in towns.

This idea is strengthened by a consideration of the lists of stone cases, for

which I have been indebted to Dr. IIeadlam of Newcastle, and Mr. Eddison of

Nottingham. In the town of Newcastle and Gateshead, calculous cases have

occurred, within the last 30 years, in the proportion ofabout one for every 40,000

inhabitants ;
while in the county of Northumberland, independently, together

with that part of the county of Durham which borders on the Tweed, the pro-

portion, (as I have already remarked,) has only been one for 172,000 inhabitants.

—In the town of Nottingham, the proportion, in 48 years, has been at the rate

of one for every 67,000 inhabitants
;
while in the county of Nottingham only, it

has been one for every 146,000 inhabitants.

In the town of Dundee, the calculous operations have occurred in the pro-

portion of one to 41,000 inhabitants
;
yet in the county of Forfar, in which Dun-

dee is situated, the proportion has been one to 82,000.

In Glasgow, the proportion has been, in the last 1 5 years, about one in 71,000 ;

in Paisley, in 10 years, one in 21,000 ;
and in Edinburgh, in a similar time, one in

57,000 ;
while there is every reason for supposing (though I cannot speak from

direct evidence upon the subject) that the stone cases afforded to any of those

establishments, by country population, is exceedingly small. It is to be re-

marked, however, that the proportional numbers furnished by the town and

country population of Aberdeenshire, during a period of 70 years, are nearly

* These are Cavan, Meath, Westmeath, and Wexford.

-f
Statistical Illustrations, 3rd edition, 1827.
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alike
; or rather, that those of the country population have somewhat pre-

ponderated
;
for while Aberdeen has afforded to the amount of one case for

44,000 inhabitants, the proportion of Aberdeenshire alone, without any obvious

cause for such difference, has been one for 40,000 inhabitants.

In Ireland, the great preponderance of calculous cases originating in towns,

is likewise strongly marked ; for in Dublin, to judge from the returns of the

county hospital for the last 12 years, two thirds of the cases, or 4 per annum,

seem to be furnished by that city, which is about one half of the number

afforded by the whole remaining part of Ireland, and is at the rate of one for

every 45,000 inhabitants. In Cork likewise, the proportions are much less

than those of Dublin, being about one for 160,000 inhabitants
;
yet this infinitely

exceeds the usual product, either of the county of Cork, or of Ireland gene-

rally.

Where the circumstances which have a tendency to produce calculous dis-

eases, are so very obscure, so difficultly traceable, and so full of anomalies, I

have thought it useful to notice the local situations which are remarkable

either for the frequency or unfrequency of such maladies, because the atten-

tion of observers may thus be directed to analogies, or discrepancies, which

may not before have been sufficiently the subject of remark. That there are

certain affections of the digestive organs which favour the occurrence of cal-

culous complaints, is very generally admitted ; and that these affections are

likewise exceedingly prevalent in towns, and more especially among persons

who practise sedentary occupations, is likewise well known. But while

dyspeptic complaints are so common, that they form a very large share of the

diseases which present themselves in the medical charities, both of London

and the country, it still remains a problem, to what particular circumstances

of constitution or habit, the origin of stone is to be attributed, which, in com-

parison of other chronic maladies, is so rare ; and what are the peculiarities

which render some dyspeptics liable to the complaint, and thousands of others

exempt from it.

That there is a certain connection between calculous tendency, and some

prevailing diathesis of towns, is supported by the greater frequency of stone in

town, than country populations ; and I was inclined to consider it not improba-

ble, that this diathesis might be the scrophulous, both from mesenteric diseases

3 i 2
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prevailing so much among the children of crowded cities, and from scrophulous

affections being very common in Norfolk. Still, however, the same difficulty

presents itself, as occurs with regard to affections of the digestive organs

;

namely, why so minute a portion of scrophulous persons should be affected

with this disease, and so large a number escape. I am disposed, indeed, to

consider the idea of a probable connection between a scrophulous and calcu-

lous diathesis, as very much weakened by the consideration, that in many of

those parts of Ireland, where calculous complaints are hardly at all known,

scrophulous affections are stated to me to be exceedingly common.

I must still confess the difficulty of referring the disposition to calculous

affections, to any known circumstances of air, water, soil, or habits of life. The

eastern position of Norfolk and Suffolk, produces more than the average

bleakness of other parts of the kingdom, particularly in the spring months

;

but this inclemency is exceeded, both in the northern parts of the island, and

the more elevated parts of Ireland. The poorer part of the population have

much of a farinaceous aliment, often not well fermented : but still the main

article of food is fine wheaten bread, which has been, for a long period, in such

common use over the whole of England. In Scotland, too, the latter is, as I

am informed, fast superseding the bread made of the coarser grains.

In Ireland, the diet of the humbler classes of society is very much confined

to potatoes, and butter-milk, or skim-milk
;

often, unfortunately however,

without either of the latter
; and it appears highly probable that this diet, and

perhaps, to a certain extent, the use of ardent spirits, is unfavourable to the

formation or deposition of lithic acid, with which the tendency to calculous

diseases is much connected. The freedom from this formidable class of com-

plaints seems, however, to be dearly purchased, by the want of many of the

comforts which the labourers of England and Scotland possess ; nor is it

accompanied by a less than usual tendency to many of the most ordinary com-

plaints of Great Britain, as pulmonary consumption and scrophula, which are

mentioned by several of my intelligent correspondents, as being very frequent

among the Irish commonalty. The effect of a town residence, in producing a

tendency to calculous complaints, is very strongly exemplified in Dublin, where

they arc so much more prevalent than in other parts of Ireland. This circum-

stance will, I venture to hope, meet with the particular attention of the Dublin
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faculty, who unite, in so a high a degree, the requisites for prosecuting a diffi-

cult professional investigation.

The middle and active period of life, laborious and healthful occupations,

together with a fair opportunity of obtaining nutritive aliment, and ordinary

comforts, seem best adapted for producing a freedom from chronic ailments,

and among them, from urinary calculus.

Mr. Hutchison has shown, how unfrequent the latter is among sailors ; and

there is every reason for supposing that this freedom is, in a considerable

degree, participated by the military profession. On this point I have thought

it desirable to institute some inquiries, the result of which I shall have the

honour to lay before the Society.

In a valuable report published by Sir James Macgrigor, on the diseases of

the British army in the peninsula, under the command of the Duke of Wel-

lington, no case of calculus appears to have presented itself during the period

of which he treats, viz. between December 1811 and June 1814, though above

330,000 cases were admitted into the general and regimental hospitals during

that period*.

In the last 15 years, Sir James informs me, that 4 cases only of calculus have

occurred in the English army in Britain
;
and Mr. Crampton, the surgeon-

general of Ireland, states, that one example of lithotomy only, in which the ope-

ration was performed by himself, has occurred, within the same period, in the

army in Ireland. I am, however, able to add to this, on the authority of

Dr. Pitcairne of Cork, the case of an officer of the Scots Greys, whom I had

occasion to visit at the barracks here, who was operated upon at Cork, by

Dr. Woodroffe, about two years since, in his way to join his regiment.

Mr. Crampton likewise informed me, on the authority of Sir James Wylie,

physician to the late, and to the present Emperor of Russia, that calculous

diseases are hardly known in the Russian army.

The Baron Delessert of Paris, has done me the favour to procure from the

Baron Larrey, and M. Gama, surgeons-in-chief to the great military hospitals

of Gros Caillou, and Val de Grace, in the French metropolis, a report as to

the prevalence of calculous complaints among the French soldiery. The Baron

* Sketch of the Medical History of the British Armies of the Peninsula of Spain and Portugal

during the late Campaigns. Medico-Chirurgical Transactions, vol. vi. p. 381.
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Larrey states, that in the course of 30 years, only 5 operations of lithotomy

have been performed at the Gros Caillou, (4 of which were on soldiers, and one

on a soldier’s child,) and one operation at the Val de Grace. M. Gama states,

that during 6 years that he has been surgeon-in-chief of the military hospital

of Val de Grace, and 8 previously, that he exercised the same functions in the

military hospital at Strasbourgh, he has not once had occasion to perform

the operation of lithotomy. He mentions likewise, that the disease is very

rare in the army generally ; and that no case of stone operation has occurred

to him, during any part of his extensive military service.—It is very probable,

however, that as the circumstances which concern health can be more parti-

cularly guarded in the naval service, than the military, according to the

very judicious observations of Sir James Macgrigor upon this subject, there

may be, upon the whole, a less liability to disease in the former, than in the

latter.

Before closing my observations, I cannot forbear expressing my regret, that

since the introduction of lithotrity by M. Civiale, as a succedaneum for the

operation of lithotomy, the beneficial effects of that practice do not seem to

have been completely established in this country ; though it has been recom-

mended by the singular dexterity, and the conciliating deportment, of the

Baron Heurteloup and Mr. Costello. It is highly to the credit of our prin-

cipal metropolitan surgeons, that all of them with whom I have conversed on

the subject, are anxious that this plan of removing a calculus should have a

fair trial ;
and I trust that in a matter in which the interests of humanity are

so intimately concerned, such attention may be speedily given to the subject,

by those who are qualified to direct public opinion, as may lead to a proper

appreciation of the merits of the practice, the circumstances under which it

may be best exercised, and the mode by which the manual dexterity which it

requires, may be most readily obtained.

Carrow Abbey, near Norwich
,

June 1G, 1830.
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. Ephemeris for Occultations of Fixed

Stars by the Moon, for the first six Months of the Year 1830. By
Professor Troeger of Dantzig.

ASTRONOMISCIIE NACHIHCHTEN. No.157— 176. 4to. Altona

1829—30.

AULDJO (J.) Narrative of an Ascent to the Summit of Mont Blanc,

on the 8th and 9th of August 1827. 4to. Lond. 1828.

AVDALL (J.) History of Armenia. By Father Michael Chamich

;

from B. C. 2247 to the Year of Christ 1780, or 1229 of the Arme-
nian Era. Translated from the original Armenian, by Johannes

Avdall, Esq. Member of the Asiatic Society of Bengal. To which

is appended a Continuation of the History, by the Translator, from

the year 1780 to the present date. 8vo. Calcutta 1827.

AVOGADRO (Le Chev.) Remarques sur la Loi de la Force Elastique

de F Air par rapport a sa densite dans le cas de compression sans

p rte de calorique, et sur celle de la Chaleur Specifique de l’Air par

rapport a la temperature et a la pression. 4to. Paris 1 828.

BABBAGE (C.) Reflections on the Decline of Science in England,

and on some of its Causes. By Charles Babbage, Esq. Lucasian

Professor of Mathematics in the University of Cambridge, and

Member of several Academies. 8vo. Lond. 1830.

BALDWIN (W.) The Science of Music. 12mo. Lond. 1829.

BAUZA. See MAPS.
BECIIE (H. T. I)e la). Geological Notes. 8vo. Lond. 1830.

Donors.

The Society of Antiquaries.

The Society of Arts, &c.

The Asiatic Society of Ben-

gal.

The Royal Asiatic Society.

The Astronomical Society.

Professor Schumacher,

F.R.S.

John Auldjo, Esq.

Johannes Avdall, Esq.

Le Chev. Avogadro.

Charles Babbage, Esq.

F.R.S.

W. Baldwin, Esq.

1 1 .T.DelaBechc,Esq. F.R.S.
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BELL (C.) The Nervous System of the Human Body, embracing the

Papers delivered to the Royal Society on the subject of the Nerves.

4to. Land. 1830.

BENNETT (J. W.) Fishes of Ceylon : a Selection of the most remark-

able and interesting of the Fishes found on the Coasts of Ceylon,

from Drawings made in the southern parts of that Island, from the

living Specimens. Nos. 1—6. 4to. Lond. 1829—30.

BIDONE (G.) Experiences sur la Forme et sur la Direction des Veines

et des Courans d’Eau lances par diverses Ouvertures. 4to. Turin

1829.

« — Memoire sur la Determination Theorique de la Section

Contractee des Veines Liquides, 4to. Turin 1829.

BOWDITCH (N.) Mecanique Celeste. By the Marquis de la Place.

Translated, with a Commentary, by Nathaniel Bowditch, LL.D.

F.R.S. Vol. I. 4to. Boston 1829.

BRANDE (W. T.) A Manual of Chemistry; containing the principal

facts of the Science, arranged in the order in which they are dis-

cussed and illustrated in the Lectures at the Royal Institution of

Great Britain. Third edition. 8vo. Lond. 1830.

BREITHAUPT (A.) Vorlaufige Nachricht von der Auffindung fiinf

sehr eigenthiimlicher Abtheilungen Hexagonaler und Tetragonaler

Krystallgestalten. 12mo. Freiberg 1829.

BREWSTER (D.) On certain new Phenomena of Colour in Labrador

Felspar
; with Observations on the Nature and Cause of its change-

able Tints. 4to. Edin. 1829.

BRTOSCHI (C.) Comentarj Astronomici della Specola Reale de

Napoli. Tomo I. fol. Napoli 1824—1826.

BRITISH MUSEUM. See CATALOGUE.
BRONGNIART (A.) Notice sur les Breches Osseuses et les Minerals

de Fer Pisiforme de meme position geognostique. 8vo. Paris 1828.

— Tableau des Terrains qui composent l’Ecorce du

Globe
; ou Essai sur la Structure de la partie connue de la Terre.

8vo. Paris 1829.

• Observations additionnelles a la Notice sur les

Minerais de Fer Pisiforme de position analogue a celle des Breches

Osseuses, &c. 8vo. Paris 1829.

BROOKES (J.) A Descriptive and Historical Catalogue of the re-

mainder of the Anatomical and Zootomical Museum of Joshua

Brookes, Esq. F.R.S. 8vo. Lond. 1830.

Appendix to the preceding. 8vo.

BROWN (R.) Additional Remarks on Active Molecules. 8vo. Lond.

1829.

CACCIATORE (N.) Del Real Osservatorio de Palermo Libri VII,

VIII, e IX. Con Appendice di Niccolo Cacciatore, Direttore del

medesimo. Tomo primo. fol. Palermo 1826.

a 2

Donors.

Charles Bell, Esq. F.R.S.

John Whitchurch Bennett,

Esq.

Professor Bidone.

Nathaniel Bowditch, LL.D.

F.R.S.

Wm. Thos. Brande, Esq.

For. Sec. R.S.

Professor Breithaupt.

D. Brewster, LL.D. F.R.S.

Professor Brioschi.

ProfessorBrongniart,F.R.S.

Joshua Brookes, Esq.F.R.S.

Robert Brown, Esq. F.R.S.

Professor Cacciatore.
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CAMBRIDGE. Transactions of the Cambridge Philosophical So-

ciety. Vol. III. Parts I. & II. 4to. Cambr. 1829—30.

CASA (V. de la) Oposcolo Analitico di Geodesia Sublime dell’ Imp.

R. Capitano Don Vittorio de la Casa. 8vo. Vienna 1824.

CATALOGUE. British Museum : Catalogue of Maps, Prints, Draw-

ings, See. forming the Geographical and Topographical Collection

attached to the Library of His late Majesty King George the Third,

and presented by His Majesty King George the Fourth to the

British Museum, fol. Lond. 1829.

Bibliothecae Regiae Catalogus. Vol. I. II. III. IV.

Sc V. fol. Lond. 1830.

CHANCERY. Calendars of the Proceedings in Chancery in the

Reign of Queen Elizabeth
;

to which are prefixed, examples of

earlier Proceedings in that Court, namely, from the Reign of Richard

the Second to that of Richard the Third, inclusive. From the

originals in the Tower. Printed by Command of His Majesty King

George the Fourth, in pursuance of an Address of the House of

Commons of Great Britain. Vol. II. fol. Lond. 1830.

CHILDREN (J. G.) Ochsenheimer and Treitschke. A short Abstract

of the Characters of their Genera of the Lepidoptera of Europe. 8vo.

Lond. 1829.

CLANNY (W. R.) A Lecture upon Typhus Fever. 4to. Lond. 1828.

CLARK (J.) The Influence of Climate in the Prevention and Cure of

Chronic Diseases, more particularly of the Chest and Digestive

Organs : comprising an Account of the principal places resorted

to by Invalids in England, the South of Europe, Sc c. ; a compara-

tive Estimate of their respective merits in particular Diseases
;
and

general Directions for Invalids while travelling and residing abroad.

With an Appendix, containing a series of Tables on Climate. 8vo.

Lond. 1830.

CODDINGTON (H.) A Treatise on the Reflexion and Refraction

of Light, being Part I. of A System of Optics. 8vo. Cambr.

1829.

— A Treatise on the Eye, and on Optical

Instruments, being Part II. of A System of Optics. 8vo. Cambr.

1830.

COLERIDGE (S. T.) On the Constitution of the Church and State,

accoiding to the idea of each, with aids towards a right judgement

on the late Catholic Bill. Second edit. 12mo. Lond. 1830.

CONN AISSANCE DES TEMS, ou des Mouvemens Celestes, a

l'usage des Astronomcs et des Navigateurs. Pour l’An 1832. 8vo.

Paris 1829.

COOPER (B. B.) Lectures on Anatomy, interspersed with practical

remarks. Vol. I. 8vo. Lond. 1829.

Donors.

The Society.

Don Vittorio de la Casa.

The Trustees of the British

Museum.

His late Majesty.

The Commissioners of Pub-

lic Records.

John George Children, Esq

F.R.S.

W. R. Clanny, M.D.

James Clark, M.D.

The Rev. Henry Codding-

ton, M.A. F.R.S.

S. T. Coleridge, Esq.

Le Bureau des Longitudes

a Paris.

B. B. Cooper, Esq. F.R.S.
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CRIMINAL CODE, printed by direction of the Right Honourable

Robert Peel, Secretary of State for the Home Department, as

(amongst other purposes) the Basis of the Consolidation and

Amendment of the Criminal Law. 7 vols. 4to. Lond. viz.

—

Coining 1825.

Simple Larceny. Vol. 1 1828.

Ditto Vol. II. Parti 1828.

Ditto Vol. II. Part II 1829.

Forgery 1826.

Game Laws 1828.

Burglary, Housebreaking, and Church-robbing. 1826.

CROMBIE (A.) Gymnasium; sive Symbola Critica. Third edition,

corrected and enlarged. 8vo. Lond. 1828.

Clavis Gymnasii, editioni tertiae accommodata
;

sive

Exercitationes in Symbolam Criticam, partim, sicut in Veteribus

extant, datae, et partim a Rev. Alex. Crombie, LL.D. latine

redditae. 8vo. Lond. 1828.

Questions on Crombie’s Gymnasium, adapted to the

third edition. 8vo. Lond. 1829.

Natural Theology ; or, Essays on the Existence of

Deity and of Providence, on the Immateriality of the Soul, and a

Future State. 8vo. Lond. 1829.

CURTIS (J. H.) A Synoptical Chart of Diseases of the Ear ;
show-

ing their Order, Classification, Seat, Symptoms, Causes, and Treat-

ment. Lond. 1830.

D’ALTON (J.) Essay on the History, Religion, Learning, Arts, and

Government of Ireland, from the Birth of Christ to the English

Invasion. 4to. Dublin 1830.

DAVENPORT (R.) The Amateur’s Perspective
;
being an Attempt

to present Ihe Theory in the simplest form, and so to methodize

and arrange the subject as to render the practice familiarly in-

telligible to the uninitiated in a few hours of study. 4to. Lond.

1828.

. A Supplement to “ The Amateur’s Perspective.”

4to. Lond. 1829.

DAVIS (J. F.) A Candle, made in Japan, of Wax obtained from the

Berry of a Shrub, which has been named Rhus Succedaneum. 1829.

DAVY (E.) On a new Acid and its Combinations. 8vo. Dublin

1829.

DAVY (J.) On the Specific Gravity of the different Parts of the

Human Body. 8vo. 1828.

— An Account of some Experiments on different Parts of

the Human Body. 8vo. Edin. 1828.

Observations on James’s Powder, and the Antimonial

Powder of the London Pharmacopoeia. 8vo. 1828.

Donors.

The Secretary of State for

the Home Department.

The Rev. Alexander Crom-

bie, LL.D. F.R.S.

J. H. Curtis, Esq.

John D’Alton, Esq.

Richard Davenport, Esq.

John Francis Davis, Esq.

F.R.S.

Edmund Davy, Esq. F.R.S.

John Davy, M.D. F.R.S.
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DAVY (J.) On the Effect of removing Atmospheric Pressure from

the Fluids and Solids of the Human Body. 8vo. Edin. 1828.

Observations on the Temperature of the Human Body

after Death. 8vo.

DILLWYN (L. W.) Memoranda relating to Coleopterous Insects

found in the neighbourhood of Swansea. 8vo. Swansea 1830.

DIRICIILET (G. L.) Memoire sur lTmpossibilite de quelques Equa-

tions indeterminees du cinquieme degre. 4to. Paris 1825.

Recherches sur les Diviseurs Premiers d’une

classe de Formules du quatrieme degre. Berlin 1828.

DUPPA (R.) Travels on the Continent, and in Sicily, and the Lipari

Islands. Second edition. 8vo. Bond. 1829.

ENCKE (J. F.) Beiliner Astronomisches Jahrbnch fiir 1831. He-

rausgegeben von J. F. Encke, Konigl. Astron. 8vo. Berlin 1829.

EVEREST (Rev. R.) A Journey through Norway, Lapland, and part

of Sweden : with some Remarks on the Geology of the Country; its

Climate and Scenery
;

the Ascent of some of its principal Moun-

tains; the present Political Relations of the two Countries; Statisti-

cal Tables, Meteorological Observations, &c. 8vo. Bond. 1829.

FELLOWS (C.) A Narrative of an Ascent to the Summit of Mont

Blanc. 4to. 1827.

FILIPPONI (A.) Elogio del P. Giuseppe Piazzi, composto dal Cano-

nico Alfonso Filipponi, e da lui recitato nell’Accademia Pontaniana

nella Tornata de’ 26 Novembre 1826. 8vo. Napoli 1826.

FLORA BATAVA. 4to. Amst. No. 81—84.

l'OEDERA, Conventiones, Litterae, et cujuscunque generis Acta Pub-

lica inter Reges Angliae et alios quosvis Imperatores, Reges, Ponti-

fices, Principes, vel Communitates, ab ingressu Gulielmi I. in An-

gliam, A.D. 1066, ad nostra usque tempora habita aut tractata.

Vol. III. Pars II. (ab anno 1361 ad annum 1377). fol. Bond.

1830.

FURITANO (A.) Lettera sulle Osservazioni fatte da F. Lancellotti e

N. Covelli all’ Analisi delle Acque Termali di Termini. 12mo.

Palermo 1829.

GALLOIS (Eug.) Reponse Experimentale a cette Question: La

Vaccine perd-elle son Efficacite Preservative apres vingt Ans

d’lnsertion ? Dissertation Inaugurale presentee et soutenue a la

Faculte de Medecine de Paris, le 18 Janvier 1828, par Eug. le

Gallois, D.M. 4to. Paris 1828.

GARN1ER (M. F.) Memoire sur les Questions proposecs par la So-

ciete d’Agricnlture, du Commerce, et des Arts de Boulogne-sur-

Mer, concernant les Recherches Enterprises a differents epoques,

dan-. le Departement du Pays-de-Calais, pour y decouvrir de nou-

velles Mines de Ilouille. 4to. Boulognc-sur-Mcr 1828.

Donors.

John Davy, M.D. F.R.S.

L. W. Dillwyn, Esq. F.R.S.

Professor Dirichlet.

R. Duppa, Esq. LL.B.

Professor Encke, F.R.S.

The Rev. Robert Everest,

M.A.

Charles Fellows, Esq.

II Can. Alfonso Filipponi.

H. M. the King of the

Netherlands.

The Commissioners of Pub-

lic Records.

Professor Furitano.

Dr. Le Gallois.

Mons. M. F. Gamier.
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GEOGRAPHY. Recueil de Voyages et de Memoires, publie par la

Societe de Geographie de Paris. Tome III. 4to. Paris 1830.

GEOLOGICAL SOCIETY. Transactions of the Geological Society

of London. Vol. II. Part III. and Vol. III. Part I. 4to. Lond. 1829

Monthly Notices of the Proceedings of

the Geological Society. Nos. 11, 12, 14, & 15. 8vo. Lond.

GODMAN (J. D.) Description of a new Genus and new Species of

extinct Mammiferous Quadruped. 4to. Philad. 1830.

GOODWIN (F.) Proposed Plan for a Grand National Cemetery.

Lond. 1830.

GORING (and PRITCHARD) Microscopic Illustrations of a few

new, popular, and diverting Living Objects
;
with their Natural

History, &c. ; conjoined with accurate Descriptions of the latest

improvements in the New Microscopes
;
the best methods of con-

structing their Mountings, Apparatus, &c.
;
and complete instruc-

tions for using them. 8vo. Lond. 1830.

GOUGER (R.) A Letter from Sydney, the principal Town of Aus-

tralasia, edited by Robert Gouger
;
together with the Outline of

the System of Colonization. 12mo. Lond. 1829.

GRANVILLE (A. B.) St. Petersburgh ; A Journal of Travels to

and from that Capital, through Flanders, the Rhenish Provinces,

Prussia, Russia, Poland, Silesia, Saxony, the Federated States of

Germany, and France. Second edition. 8vo. Lond. 1829.

GRAY (J. E.) Illustrations of Indian Zoology
;
consisting of colour-

ed Plates of new or hitherto unfigured Indian Animals, from the

Collection of Major-General Hardwicke, F.R.S. Selected and ar-

ranged by John Edward Gray, F.G.S. Parti, and II. fol. Lond. 1830.

HACHETTE (M.) Notice Historique sur les Machines a Vapeur.

8vo. Paris 1829.

Histoire des Machines a Vapeur, depuis leur ori-

gine jusqu’a nos jours. 8vo. Paris 1830.

HALL (B.) Travels in North America in the Years 1827 and 1828.

8vo. Edin. 1829.

Forty Etchings from Sketches made with the Camera

Lucida, in North America, in 1827 and 1828. 4to. Edin. 1829.

HAYS (I.) Description of a Fragment of the Head of a new Fossil

Animal, discovered in a Marl Pit near Moorestown, New Jersey.

4to. Philad. 1830.

HEIDLER (C. J.) Marienbad, et ses differens moyens curatifs dans

les Maladies Chroniques
;
avec cinq Planches. 8vo. Prague 1828.

HENNEN (J.) Principles of Military Surgery, comprising Obser-

vations on the Arrangement, Police, and Practice of Hospitals, and

on the History, Treatment, and Anomalies of Variola and Syphilis.

Illustrated with Cases and Dissections. By John Hennen, M.D.
F.R.S. E., Inspector of Military Hospitals. Third edition. With

Life of the Author, by his Son Dr. John Hennen. 8vo. Lond. 1829.

Donors.

The Geographical Society

of Paris.

The Society.

John D. Godman, M.D.

Francis Goodwin, Esq.

Andrew Pritchard, Esq.

Robert Gouger, Esq.

A.B.Granville, M.D. F.R.S.

John E. Gray, Esq.

Professor Hachette.

Captain Basil Hall, R.N.

F.R.S.

Isaac Hays, M.D.

Charles Joseph Heidler,

M.D.
John Hennen, M.D.
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HENNEN (J.) Sketches of the Medical Topography of the Mediter-

ranean ;
comprising an Account of Gibraltar, the Ionian Islands,

and Malta : to which is prefixed a Sketch of a Plan for Memoirs

on Medical Topography. By John Hennen, M.D. F.R.S.E.

Edited by his Son J. Hennen, M.D. 8vo. Lond. 1830.

HENRY (W.) The Elements ofExperimental Chemistry. The Seventh

Edition, comprehending all the recent discoveries. 8vo. Lond. 1829.

HORSBURGH (J.) Ten Charts of the East Indian Seas. 1830.

HULLMANDEL (C.) A Reply to some Statements in an Article

entitled “The History of Lithography,” published in the Foreign

Review, No. VII. for July 1829. 8vo. Lond. 1829.

HUNTERIAN COLLECTION. Catalogue of the Hunterian Col-

lection in the Museum of the Royal College of Surgeons in London.

Part I., comprehending the Pathological Preparations in Spirit. 4 to.

Lond. 1830.

INDIA. Transactions of the Agricultural and Horticultural Society

of India. Vol. I. 8vo. Serampore 1829.

ITALIAN SOCIETY. Memorie di Matematica e di Fisica della

Societa Italiana delle Scienze residente in Modena. Tomo XX.
Parte contenante le Memorie di Fisica. 4to. Modena 1829.

JERDAN (and STEBBING). National Portrait Gallery of Illustrious

and Eminent Personages of the Nineteenth Century. Engraved

on Steel, with Memoirs by the Rev. Henry Stebbing and William

Jerdan, Esq. Nos. 1— 14. 8vo. Lond. 1829.

JOHNSON (G. W.) A History of English Gardening, Chronological,

Biographical, Literary, and Critical ; tracing the Progress of the

Art in the Country from the Invasion of the Romans to the present

Time. 8vo. Lond. 1829.

JOMARD (M.) Remarques et Recherches Geographiques sur le

Voyage de M. Caillie dans l’Afrique Centrale : par M. Jomard.

Comprenant l’Analyse de la Carte Itineraire et de la Carte Gene-

rale du Voyage, redigees par le meme
;

suivies des Vocabulaires

recueillis par M. Caillie de son Itineraire, jour par jour, de l’ex-

plication des Planches du Voyage, et de Notes sur plusieurs points

d'l I istoire Naturelle et de Geographic
;
terminees par les Docu-

mens et Pieces diverses. 8vo. Paris 1830.

KENDRICK (E. E.) Conversations on the Art of Miniature Paint-

ing. 12mo. Lond. 1830.

LEA (I.) Observations on the Genus Unio, together with Descrip-

tions of eighteen new Species; and of the Genus Symphynota, now

separated from the Family of Naiades, containing nine Species. 4to.

Philad. 1829.

LE PRINCE (II. S.) I’rincipes Universels du Langage, ou les Dif-

ficult^ de toutes les Langucs reduites au Materiel des Mots et au

Vocabulaire. 12mo. Paris 1829.

Donors.

John Hennen, M.D.

WilliamHenry,M.D.F.R.S.

J. Horsburgh, Esq. F.R.S.

C. Hullmandel, Esq.

The Royal College of Sur-

geons.

The Society.

The Italian Society of Sci-

ences.

The Publishers.

George W. Johnson, Esq.

Mons. M. Jomard.

Mi s Emma Eleanora Ken-

drick.

Isaac Lea, Esq.

Mons. FI. S, Le Prince.
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LE PRINCE (H. S.) Essai d’Interpretation du Zodiaque Circulaire

de Denderah. 8vo. Paris 1829.

LEROY (J.) Recherches Experimentales sur l’Asphyxie. Precedees

du Rapport fait a l’Academie par MM. Dumeril et Magendie. 8vo.

Paris 1829.

LIBRI (G.) Memoires de Mathematique et de Physique. Tome pre-

mier. 4to. Florence 1829.

BINDLEY (J.) An Outline of the first principles of Botany. 12mo.

Lond. 1830.

LINNEAN SOCIETY. Transactions of the Linnean Society of Lon-

don. Vol. XVI. Part II. 4to. Lond. 1830.

LUBBOCK (J. W.) On the Calculation of Annuities, and on some

Questions in the Theory of Chances. 4to. Cambridge 1828.

On the Determination of the Orbit of a Comet.

4to. Lond. 1829.

MACILWAIN (G.) Surgical Observations on the more important

Diseases of the Mucous Canals of the Body : being a second edi-

tion of the Author’s Treatise on Stricture of the Urethra
; to which

are added, Practical Observations on Contraction of the GEsopha-

gus and Rectum ;
an Essay on the Diagnosis of Hernial and other

Tumours in the Groin; with Remarks on Tracheotomy, as con-

nected with the Treatment of Chronic Laryngitis. 8vo. Lond. 1830.

MACKENZIE (C.) A descriptive Catalogue of the Oriental Manu-

scripts, and other articles illustrative of the Literature, History,

Statistics, and Antiquities of the South of India
;

collected by the

late Lieut.-Col. Colin Mackenzie, Surveyor General of India. By
H. H. Wilson, Esq., Secretary to the Asiatic Society of Bengal.

8vo. Calcutta 1828.

MADRAS Observatory Papers. By J. Goldingham, Astronomer, and

F.R.S. (Printed by order of the Government of Madras.) fol.

Madras 1827.

MAHON (Lord). The Life of Belisarius. 8vo. Lond. 1829.

MAPS. Maps of Oxford, Bristol, Swansea, and their respective

Vicinities, forming parts, in continuation, of the Trigonometrical

Survey of Great Britain.

Carta que comprehende las Costas del Seno Mejicano, construida

con las Observaciones Astronomicas y Cronometricas hechas por

varios Oficiales de la Marina Real Espanola e Ynglesa, y por otros

individuos de ambas naciones. Por D. F. Bauza, de la Real

Sociedad de Londres. 1829.

MARIANINI (S.) Saggio di Esperienze Elettrometriche. 8vo. Ve-

nezia 1825.

Memoria sopra la Scossa che provano gli animali

nel momento che cessano di fare arco di comunicazione fra i poli

d’ un elettromotore e sopra qualche altro fenomeno fisiologico dell’

elettricita. 8vo. Venezia 1828.

Donors.

Mons. H. S. Le Prince.

Dr. Leroy.

Signor Gugl. Libri.

John Lindley, Esq. F.R.S.

The Linnean Society.

J. W. Lubbock, Esq. B.A.

F.R.S.

George Macilwain, Esq.

East India Company.

Viscount Mahon, F.R.S.

The Board of Ordnance.

Don Felipe Bauza, F.R.S

Professor Marianini.

MDCCCXXX. b
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MF.DICO-CHIRURGICAL TRANSACTIONS. Vol. XV. Part II.

Svo. Land. 1829-80.

MORIN (P. E.) Memoires composes au sujet d’une Correspondance

Meteorologique, ayant pour but de parvenir a predire le temps

beaucoup a l’avance sur un point donne de la Terre. 8vo. Paris 1829.

MUELLER (K. O.) Die Etrusker. Eine von der Koniglich Preus-

sischen Akademie der Wissenschaften zu Berlin gekronte Preis-

schrift. Svo. Breslau 1828.

MUELLER (W.) Zweiter oder Technischer Theil der Beschreibung

der Sturmfluthen an den Kirsten der Nordsee und der sicli darin

ergiessenden Fliisse und Strbme, am 3ten und 4ten Februar 1825.

Svo. Hannover 1828.

A Cosmosphere, with a Planetarium, Tellurium, and

Lunarium, invented by Major William Muller.

PETERSBURG!!. Recueil des Actes de la Seance Publique de

!Academic Imperiale des Sciences de St. Petersbourg, tenue le 29

Decembre, 1828. 4to. St. Petersb. 1829.

PETIT-THOUARS (A. A.) Cours de Phytologie
; ou de Botanique

Generale appliquee a l’art de cultiver les Plantes, en un mot a

l’Horticulture. Paris.

Essais sur la Vegetation consideree dans

le Developpement des Bourgeons. Svo. Paris 1809.

Melanges de Botanique et de Voyages;

Premier Recueil. Paris 1811.

— Histoire d’un Morceau de Bois, precedee

d un Essai sur la Seve consideree comme resultat de la Vegeta-

tion, et de plusieurs autres morceaux tendant a confirmer la

Theorie de Physiologie Vegetate, exposee dans les Essais sur la

Vegetation. 8vo. Paris 1815.

. Recueil de Rapports et de Memoires sur

la Culture des Arbres Fruitiers. 8vo. Paris 1815.

Histoire Particuliere des Plantes Orchidees

recueillies sur les Trois lies Australes d’Afrique, de France, de

Bourbon, et de Madagascar. Composec de quatre-vingt-onze Especes

figurees sur le vivant, et mises a l’eau-forte par l’Auteur
; rangees

methodiquement et denommees par deux Tableaux Synoptiques;

enfin decrites de maniere a faire connoitre tout ce qu’elles presentent

de rcmarquable. 8vo. Paris 1822.

— Notice Historique sur la Pepiniere du Roi

au Roulc
;

faisant suite a un Discours sur l’Enseignement de la

Botanique, prononce dans cet Etablissement, le 24 Mai 1824. 8vo.

Paris 1825.

PHILIP (A. P. W.) A Treatise on the Nature and Cure of those

Dis. .i si ,, cither Acute or Clironic, which precede change of Struc-

ture, with a view to the preservation of Health, and particularly

the prevention of Organic Diseases. Svo. Lond. 1830.

Donors.

Medical and Chirurgical

Society.

Mons. P. E. Morin.

Herr Karl Otried Muller.

Major W. Muller.

John Smirnove, Esq.

Le Chev. du Petit-Thouars.

A.P.W. Philip, M.D.F.R.S.
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Presents.

PHILLIPS (Sir R.) Protest against the prevailing principles of

Natural Philosophy, with the development of a Common-sense

System. 18mo. 1850.

PHILLIPPS (Sir Thos.) An improved Numeration Table to facili-

tate and extend Astronomical Calculations. 12mo. 1829.

PILPAY. Anwari Sohili. A Paraphrase in Persian of the Fables of

Pilpay. By Hussein Vaiz Kashify. Lithographed for the Bombay

Native Education Society, fol. Bombay 1828.

PORTRAITS. A three-quarter Portrait of the late Sir Humphry Davy,

Bart. President of the Royal Society. Painted by Sir Thomas
Lawrence.

: A three-quarter Portrait of the late Dr. William Hyde
Wollaston, Vice President of the Royal Society. Painted by

Jackson.

A three-quarter Portrait of the late Dr. Nevil Maske-

lyne, F.R.S. Astronomer Royal. Painted by Vanderburgh.

A Portrait of the late Dr. Edward Whittaker Gray,

Secretary to the Royal Society. Painted by A. W. Callcott.

POWELL (Rev. B.) A short Treatise on the Principles of the Dif-

ferential and Integral Calculus. 8vo. Oxford 1829.

QUEBEC. Transactions of the Literary and Historical Society of

Quebec. Vol. I. 8vo. Quebec 1829.

QUETELET (A.) Correspondance Mathematique et Physique.

Tom. IV. Ire Livraison. 8vo. Bruxelles 1828.

Notes Extraites d’un Voyage Scientifique fait en

Allemagne pendant l’Ete de 1829. 12mo. Bruxelles 1830.

RIFAUD (M.) Rapports faites par les diverses Academies et Societes

Savantes de France, sur les Ouvrages et Collections rapportes

l’Egypte et de la Nubie par M. Rifaud. Paris 1829.

Description des Fouilles et des Decouvertes faites par

M. Rifaud dans la partie Est de la Butte Koum-medinet-el-fares,

au Fayoum, accompagnee du dess in des coupes et du plan des

constructions inferieures. 8vo. Paris 1829.

RIGAUD (S. P.) Astronomical Observations made at the RadclifFe

Observatory at Oxford, from April 28, 1829, to April 28, 1830.

By, and under the direction of, Stephen Peter Rigaud, Esq. F.R.S.

(M.S.)

RIVERO (M. de). Memorial de Ciencias Naturales y de Industria

Nacional y Etranjera. Redactada por M. de Rivero y M. de

Pierola. Tom. I, II, y III. {April, May, and June 1828.) 8vo.

Lima 1828.

ROBINSON (T. R.) Astronomical Observations made at the Armagh
Observatory by T. R. Robinson, D.D. Part I. Vol. I. 4to.

Lond. 1829.

b 2

Donors.

Sir Richard Phillips.

Sir Thomas Phillipps,F.R.S.

The East India Company.

Lady Davy.

The Family.

Mrs. Storey.

A. W. Callcott, Esq.

The Rev. B. Powell, F.R.S.

The Society.

Professor Quetelet.

Mons. Rifaud.

The Trustees of the late

Dr. RadclifFe.

The Editors.

The Governors of the Ar-

magh Observatory.
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Presents.

SALMON (F.) A Practical Essay on Stricture of the Rectum ;
illus-

trated by cases, showing the connection of that disease with Pro-

lapsus of the Rectum, Irritation of the Lungs, Affections of the

Urinary Organs, and of the Uterus, Fistula, &c. ;
to which are now

added, some Practical Observations on Piles, and the Haemorrhoidal

Excrescence. 5th Ed. 8vo. Lond. 1829.

SAUSSURE (T. de) Memoire sur les Variations de l’Acide Carbo-

nique Atmospherique. 4to. Geneve 1830.

SCHUMACHER (M.) Lettre a Monsieur Louis Breguet sur une

Pendule Astronomique de MM. Breguet, Pere et Fils
;
avec le

Tableau de la marche de cette Pendule pendant 5 annees consecu-

tives, par M. Schumacher. 4to. Altona 1829.

SHEEPSHANKS (R.) Meridian Ephemeris of the Planets for the

latter part of 1830. 8vo. Lond. 1830.

SOEMMERRING (S. T.) Six Folio Plates illustrative of the Lym-

phatic System, dedicated to Dr. Sommerring by Professor Meckel.

Leipzig 1828.

STANHOPE (Earl). Addresses of Earl Stanhope, President of the

.Medico-Botanical Society, for the Anniversary Meeting, January

16, 1830. 8vo. Lond.

STANLEY (E.) An Account of the Mode of performing the Lateral

Operation of Lithotomy, with Illustrations. 4to. Lond. 1829.

SYKES (J.) Verses on the Earl of Northumberland’s restoring

Alnwick Castle from a state of great dilapidation
;
Lines occasioned

by a view of the Hermitage of Warkworth
;
and an Elegy written

on viewing the Quakers’ Burial Ground at Cullercoates in Nor-

thumberland. By John Sykes. Svo. Newcastle 1829.

The Evidence taken before the Select Committee of the

House of Lords, appointed to take into consideration the state

of the Coal Trade in the United Kingdom, together with the Duties

of all descriptions, and charges affecting the same, as well in the

Port of London as in the several other Ports of the United King-

dom
;

to which is now first added, a List of Explosions and Inun-

dations which have occurred in the Coal Mines of Northumberland

and Durham ;
with Notes and Remarks. 8vo. Newcastle-upon-

Tyne 1829.

TAYLOR (R.) The Diversions of Purley. By John Horne Tooke. A
new edition, revised and corrected by Richard Taylor, F.S.A. F.L.S.,

with numerous Additions from the copy prepared by the Author for

republieation ;
to which is annexed his Letter to John Dunning, Esq.

8 vo. Lond. 1829.

THOMPSON (T. P.) Instructions for Playing on the Enharmonic

Guitar ;
being an attempt to efTect the execution of correct har-

mony, on principles analogous to those of the ancient Enharmonic.

By a Member of the University of Cambridge. 4to. Lond. 1829.

Donors.

Frederick Salmon, Esq.

Prof, de Saussure, F.R.S.

Prof. Schumacher, F.R.S.

The Rev. R. Sheepshanks,

M.A.
Dr. S. T. von Sommerring,

F.R.S.

Earl Stanhope, F.R.S.

Edward Stanley,Esq. F.R.S.

John Sykes, Esq.

Sir J. E. Swinburne, Bart.

F.R.S.

Richard Taylor, Esq.

Lieut.-Col. Thompson,

F.R.S.
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Presents.

TRANSLATION. Report of the Proceedings of the Second General

Meeting of the Subscribers to the Oriental Translation Fund:

with the Prospectus, Report, and Regulations. 4to. Lond. 1829.

TRAVERS (B.) Observations on the Pathology of Venereal Affec-

tions. 8vo. Lond. 1830.

TURIN. Memorie della Reale Accademia delle Scienze di Torino.

Tomo XXXII. 4to. Torino 1828.

VAST (St.) Codices Manuscripti in Bibliotheca S‘* Vedasti: apud

Atrebatiam. 12mo. Paris 1828.

VULLIAMY (B. L.) Some Considerations on the subject of Public

Clocks, particularly Church Clocks : with hints for their improve-

ment. 4to. Lond. 1828.

WATSON (R.) A brief explanatory Statement of the principle and

application of a plan for preventing Ships foundering at sea, and

thereby rendering every Ship a Life Ship. 8vo. Lond. 1829.

WITT (G.) Dissertatio Medica Inauguralis de Cholera Indiae Ori-

entalis Epidemica. 4to. Lugd. Bat. 1830.

WOODLEY (W.) Proposed Methods for obtaining the Longitude at

sea. 8vo.

WRITS. The Parliamentary Writs, and Writs of Military Summons,

together with the Records and Muniments relating to the suit and

service due and performed to the King’s High Court of Parlia-

ment and the Councils of the Realm, or affording evidence of atten-

dance given at Parliaments and Councils. Collected and edited by

Francis Palgrave, Esq. F.R.S. Vol. II. Divisions T. and II.

Chronological Abstract and Calendar. Printed by Command of

His Majesty King George IV., in pursuance of an Address of the

House of Commons of Great Britain, fol. Lond. 1830.

PERIODICAL WORKS. The Quarterly Journal of Science, Lite-

rature, and the Arts. No. 10—13. 8vo. Lond. 1829—30.

The Philosophical Magazine and Annals

of Philosophy. Nos. 31—42. 8vo. Lond. 1830.

The Edinburgh Journal of Natural and

Geographical Science. Edited by Messrs. Ainsworth and Cheek.

No. 1— 9. 8vo. Edin. 1829-30.

Zoological Journal. Nos. XVI. and XVII.

Lond. 1829.

Bijdragen tot de Natuurkundige Weten-

schappen. Verzameld door H. C. Van Hall, W. Vrolik, en G. J.

Mulder. Vierde Deel. 8vo. Amsterdam 1829.

Loudon’s Magazine of Natural History.

No. 7—10. 8vo. Lond. 1829-30.

. — Frazer’s Magazine for Town and Country.

Nos. 1 and 2. 8vo. Lond. 1830.

Donors.

The Oriental Translation

Committee.

Benjamin Travers, Esq.

F.R.S.

The Royal Academy of Sci-

ences of Turin.

SirThomas Phillipps,F.R.S.

Edward Rudge, Esq. F.R.S.

Ralph Watson, Esq. F.R.S.

George Witt, M.D.

W. Woodley, Esq.

Commissioners of Public

Records.

The Managers of the Royal

Institution.

Richard Taylor, Esq.

The Editors.

The Editor.

The University of Heidel-

berg.

The Editor.

The Proprietor.
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Presents.

PERIODICAL WORKS. The London Literary Gazette, and Journal

of Belles-Lettres, Arts, Sciences, &c. No. 648—699. 4to. Lond.

1829-30.

Technological and Microscopic Repository

;

or Improvements in the Useful Arts and Manufactures
; Microscopic

Discoveries, &c. Nos. 4

—

6. Svo. Lond. 1830.

Donors.

The Proprietors.

Thomas Gill, Esq.
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METEOROLOGICAL JOURNAL FOR JANUARY, 1830

9 o’clock, A.M. 3 o’clock P.M. Dew External Thermometer.

1830. Point at Rain, in Direction
9 A.M. of the Remarks.

January. Barom.
Attach.
Therm. Barom. Attach.

Therm.
in de-

grees of

Fahrenheit. Self-registering. Read off

at9A.M
Wind at

9 A.M.
Fahr. 9 A.M. 3 P.M. Lowest.

|

Highest

? 1 30.631 31.5 30.605 33.2 27 31.8 33.5 28.5 33.5 SE Overcast—light wind.

h 2 30.510 32.8 30.486 34.0 24 30.8 32.8 29.4 32.8 NE Overcast—light brisk wind.

O 3 30.426 34.9 30.412 36.2 29 34.9 36.0 29.5 36.0 S Overcast and foggy.

D 4 30.273 36.0 30.237 37.0 29 37.2 37.8 31.8 37.8 0.236 NE Foggy—light rain.

3 5 30.257 36.9 30.237 38.5 35 36.0 40.5 34.3 40.5 0.194 SW Overcast and foggy—light wind.

5 6 30.367 35.3 30.248 36.4 31 31.4 35.0 28.7 38.7 NW Overcast and foggy—light wind.

V- 7 29.805 38.6 29.834 40.5 38 39.7 40.8 30.3 42.7 0.017 NW A.M. Foggy. P.M. Fine—light haze.

? 8 30.055 37.3 30.039 38.5 33 35.3 36.8 33.3 36.8 0.008 NNE rSnow, early A.M. Overcast—light
X wind.

O h 9 30.179 36.8 30.033 38.6 32 34.3 36.7 32.2 38.7 0.014 NNW Lightly cloudy and hazy.

©10 29.781 37.6 29.759 38.2 22 35.4 37.3 33.3 37.3 0.019 NW Clear and cloudless—light brisk wind.

D 11 29.690 36.3 29.576 37.8 27 35.1 36.0 33.3 36.4 WNW r Fine—light clouds and brisk wind.
X Snow at noon.

3 12 29.784 34.7 29.875 36.2 29 31.9 33.0 30.4 33.0 0.025 N Overcast—snow in large flakes.

$ 13 29.880 33.7 29.242 34.4 27 31.6 31.8 29.6 31.8 0.081 NNE Snow—light wind.

n 14 29.878 31.4 29.885 31.4 24 29.2 29.0 25.4 31.7 0.011 ENE Overcast—light wind.

? 15 29.909 33.7 29.842 34.8 30 32.6 34.8 27.7 34.8 E Overcast—light rain and wind.

h 16 29.907 33.4 29.944 34.2 30 31.7 30.8 28.3 32.4 0.033 ENE Overcast—light rain with brisk wind.

©17 29.880 30.2 29.883 30.7 16 24.7 24.7 21.3 24.7 0.019 E Overcast.

D 18 29.970 27.8 29.911 27.2 19 21.3 23.8 20.3 23.8 NE Lightly cloudy and foggy.

3 19 29.688 25.3 29.557 27.2 19 20.4 27.5 17.2 31.4 ESE Hazy—light wind. Strong fog A.M.

5 20 28.727 30.0 28.631 33.2 30 32.7 35.5 19.4 35.5 ESE Hazy—light wind. Snow early A.M.

7J. 21 29.353 32.3 29.435 34.8 32 32.5 35.8 28.7 36.0 0.406 SW Fine—light haze and wind.

$ 22 29.590 37.5 29.641 37.9 34 35.3 36.2 31.6 36.2 0.017 ESE Overcast—light wind. Rain A.M.

h 23 29.872 37.3 29.847 37.0 32 32.7 35.4 31.3 35.4 0.097 N A.M. Snow. P.M. Rain—light wind.

@Q24 29.888 36.8 29.933 38.9 34 35.4 38.7 31.7 38.7 0.036 E Foggy.

D 25 30.250 37.8 30.307 39.5 33 35.5 38.4 34.2 38.4 N A.M. Hazy. P.M. Fine and clear.

3 26 30.316 38.3 30.232 38.5 34 35.7 37.0 33.6 37.0 E Overcast and foggy—light wind.

$ 27 29.873 38.6 29.787 39.2 35 35.3 37.5 34.2 37.5 NW A.M. Foggy—snow. P.M. Light rain.

2/. 28 30.076 39.6 30.134 39.5 35 35.3 36.7 33.6 36.7 0.278 NNE Overcast—light haze and wind.

? 29 30.211 39.5 30.202 39.8 35 35.3 35.6 33.6 35.6 0.167 NNE Overcast and foggy—light wind.

h 30 29.949 38.3 29.888 39.6 34 35.0 38.2 31.6 38.2 NNW ( Overcast. A.M. Snow, early. P.M.
X Light rain.

©31 30.083 31.3 30.059 30.8 17 22.6 23.6 21.4 23.6 0.131 ENE r A.M. Snow. P.M. Fine—light clouds

t and wind.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.970 34.9 29.926 35.9 29.2 32.5 34.4 29.3 35.0 1.919

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
r9 A.M.
29.966

3 P.M,
29.919

-H
9 /

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2J in.

above the mean level of the Sea (presumed about) =95 feet.

The External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR FEBRUARY, 1830

9 o'clock. A.M. S o'clock P.M. Den- External Thermometer.

1830.
Point at Rain, in Direction
9 A.M. inches. of the Remarks.

Barora.
Attach.

Barom. Attach. in do- Tahrenneit, Scli-rcgistcring. Read off Wind at

February. Therm. Therm. grees of at9A.M. C7 AiBX.
Fahr. 9 A.M. 3 P.M. Lowest. Highest.

D 1 29.S98 26.7 29.832 27.8 17 22.6 25.2 20.1 25.2 0.014 NNE Fine—cloudy—light wind.

3 2 29.809 25.6 29.789 26.2 17 20.3 20.0 18.6 20.6 E Continued snow—light wind.

5 3 29.820 24A 29.843 24.8 21 22.3 21.8 17.7 25.6 N Light snow, with brisk wind.

V 4 29.848 25.3 29.775 29.2 20 26.8 30.0 18.7 30.4 NNE Cloudy and hazy—light wind.

¥ 5 29.735 25.8 29.666 28.2 18 22.3 24.5 18.7 24.5 NNE Snow—light wind.

h fi 29.575 23.3 29.581 24.6 17 19.6 20.8 15.3 28.8 N Overcast and foggy—light wind.

OO 7 29.400 26.7 29.369 30.3 30 30.7 37.4 18.5 45.6 SSE Overcast—light rain.

D 8 29.412 36.2 29.613 42.8 44 44.8 46.4 29.4 46.4 SW CA.M. Lowering. P.M. Cloudless—

i light brisk wind.

3 9 29.345 41.3 29.519 43.4 45 45.2 44.8 40.2 45.8 0.389 SSW ("High wind with rain, early A.M.—
L overcast—light rain.

$ 10 29.807 39.6 29.938 42.2 36 36.6 41.6 33.3 41.6 w A.M. Foggy. P.M. Fine and clear.

V 11 30.173 38.7 30.175 42.0 36 36.7 43.2 31.2 43.2 w Lightly overcast.

¥ 12 30.146 42.6 30.129 45.0 37 37.7 41.5 35.5 42.3 !S Fine—light clouds and wind.

k 13 30.170 40.4 30.178 42.5 34 34.7 40.2 32.5 40.2 SSE Fine—light wind and haze.

014 30.100 38.5 30.095 39.3 32 32.3 36.5 30.2 36.5 SW Overcast—light fog.

D 15 30.314 38.6 30.330 39.4 33 33.7 38.2 31.4 38.2 NE Overcast—light brisk wind.

3 16 30.331 38.6 30.276 38.6 33 33.4 34.8 31.7 34.8 N Strong fog—light winch

5 17 29.983 36.3 29.829 36.8 30 30.3 33.5 29.3 35.5 NW Overcast—brisk wind.

n is 29.698 37.3 29.732 39.2 35 35.7 37.0 29.4 37.3 NNE A.M. Overcast. P.M. Fine—light wind.

? 19 29.773 37.7 29.766 40.2 34 34.7 37.0 29.0 37.7 W Fine—lightly cloudy.

h 20 29.837 35.8 29.810 39.2 29 30.3 38.0 26.3 38.0 wsw Fine—lightly hazy.

021 29.620 37.3 29.475 41.5 35 37'0 41.0 28.4 41.0 SW Cloudy—light wind. Rain P.M.

I> 22 29.698 37.1 29.723 39.8 31 34.6 39.5 30.0 47.7 0.342 WSW Lightly cloudy. Rain P.M.

® 3 23 29.682 42.4 29.785 45.2 48 48.3 50.5 33.7 50.5 0.075 WSW Rain with light brisk wind.

0 24 29.970 46.9 30.062 51.5 49 49.8 55.4 46.7 55.5 0.072 w Overcast.

n 25 30.195 50.3 30.192 53.0 49 49.4 54.2 47.0 54.8 SW Fine and cloudless.

¥ 26 30.076 53.3 30.068 55.5 50 50.7 53.0 47.7 54.3 0.086 SSW Light clouds and wind—rain at night.

h 27 30.068 53.7 30.071 56.8 51 51.6 55.8 48.4 56.3 0.028 w Fine—hazy.

©28 30.070 52.7 30.139 55.8 48 48.7 54.6 45.8 55.3 wsw Fine—lightly overcast.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.877 37.6 29.884 40.0 34.2 35.7 39.2 30.9 40.5 1.006

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr
j

9 A.M.
29.8(56

3 P.M. )

29.867 >

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2$ in.

above the mean level of the Sea (presumed about) =95 feet.

Tli' External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

Tlie Thermometers are graduated by Fahrenheit’s Scale.

'flic Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR MARCH, 1830

9 o’clock, A.M. 3 o’clock P.M. Dew External Thermometer.

1830.
Point at Rain, in Direction
9 A.M. inches. of the Remarks.

March. Barom.
Attach.
Therm. Barom. Attach.

Therm.
in de-

grees of

Tanrenneit. belt-registering. Read off

at9A.M.
Wind at

9 A.M.
Fahr. 9 A.M. 3 P.M. Lowest. Highest.

2 1 30.347 49.8 30.360 53.5 47 48.3 51.4 46.3 51.4 w Fine—hazy.

3 2 30.430 52.3 30.421 54.4 49 49.8 51.5 47.3 51.7 ssw Lightly cloudy.

5 3 30.423 51.6 30.383 54.5 45 48.7 52.2 46.3 52.4 s Overcast.

n 4 30.228 46-7 30.032 49.0 34 39.4 43.0 34.7 43.3 E Clear and cloudless—brisk wind.

? 5 29.981 45.8 29.954 49.5 36 40.3 48.6 34.4 48.6 ENE Fine and clear—light wind.

h 6 30.030 46.3 29.987 50.0 38 42.4 49.5 37.7 50.3 NE A.M. Light fog. P.M. Fine and clear.

O 7 30.005 43.2 30.005 46.3 36 36.7 42.8 32.7 42.8 NNE f A.M. Light fog. P.M. Clear and cloud-

t less—light wind.

D 8 30.038 42.6 29.971 46.4 36 36.3 46.4 34.6 46.4 E A.M. Overcast. P.M. Fine and clear.

O 3 9 29.675 45.3 29.562 46.6 41 43.7 46.8 35.7 46.8 SE Overcast—light continued rain.

« 10 29.643 46.9 29.674 50.4 46 46.3 50.2 42.8 50.6 0.081 NNW A.M. Rain. P.M. Fine.

V- 11 29.667 49.7 29.809 53.4 49 51.1 56.8 45.3 57.3 0.039 NW Light clouds and wind.

? 12 30.116 52.3 30.014 51.2 47 50.2 54.8 44.2 55.3 WSW Fine—lightly cloudy.

\ 13 30.209 50.3 30.303 53.5 34 44.7 51.6 40.2 51.7 w Fine—light clouds.

014 30.167 48.7 29.983 53.5 39 44.3 50.7 37.6 51.3 sw Fine—lightly cloudy.

2 15 29.472 48.6 29.390 50.4 47 47.6 48.5 40.8 48.7 ssw f A.M. Fine—broken clouds. P.M. Rain.
1 Evening clear.

3 16 29.634 46.7 29.716 49.5 36 43.3 45.8 35.8 49.8 0.019 WSW f Fine and clear. Rain and hail at in-

\ tervals.

29.792 47.8 29.930 51.6 48 49.7 54.5 40.7 55.8 0.022 WSW Overcast—light wind.

n is 30.152 50.7 30.209 53.9 45 52.3 54.6 45.6 55.7 WNW Light clouds and wind.

? 19 30.256 53.3 30.195 55.8 47 50.5 54.6 48.3 54.9 ssw Overcast.

Tz 20 30.134 52.6 30.174 54.8 37 46.6 52.6 44.4 53.3 0.033 W var. Fine and cloudless—light wind.

©21 30.373 51.6 30.351 55.4 44 45.5 54.7 41.7 56.3 W Fine and clear—light clouds.

2 22 30.179 51.3 30.021 53.2 43 48.3 49.4 43.6 50.5 SSW Lowering—rain with light wind.

3 23 30.064 50.8 30.040 53.3 36 45.7 51.2 39.4 51.7 WSW A.M. Overcast. P.M. Fine.

® 5 24 30.125 52.8 30.166 54.9 49 52.2 55.8 45.4 56.4 w A.M. Light fog. P.M. Fine.

n 25 30.377 51.5 30.366 56.5 45 48.3 60.8 41.3 61.6 w Fine—light clouds and wind.

? 26 30.561 54.7 30.566 59.6 45 50.7 65.0 43.5 65.7 WSW Fine and cloudless—faint haze.

1z 27 30.600 55.7 30.547 60.1 45 51.3 64.8 45.7 65.3 w Fine and cloudless—light haze.

028 30.458 53.4 30.385 59.3 42 51.3 62.5 45.4 63.3 N Clear and cloudless.

2 29 30.209 50.2 30.120 57.5 42 43.7 61.8 40.3 63.3 E Fine and clear—light wind.

3 30 30.032 53.7 30.002 58.8 43 51,4 58.3 43.3 61.5 N Clear and cloudless.

29.792 49.6 53.8 40.8 E
r Strong fog—Rain, with brisk wind, at

5 31 29.704 54.0 41 44.6 56.1 l night.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

30.102 49.9 30.075 53.3 42.3 46.6 53.1 41.5 53.9 0.194

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
I 9 A.M.
1 30.060

3 P.M. >

30.025 S

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2§ in.

above the mean level of the Sea (presumed about) =95 feet.

The External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR APRIL, 1830

9 o’clock A.M. 3 o'clock, P.M. Dew External Thermometer.

1830. Point at Rain, ii

Barom.
Attach. Barom. Attach.

9 A.M.
in de- Fahrenheit. Self-registering.

inches.
Read off

of the
Wind at

9 A.M.

Remarks.
April. Therm. Therm. grees of at9A.M

Falir. 9 A.M. S P.M. Lowest. Highest

V 1 29.694 46.4 29.708 48.8 37 37.5 42.0 34.9 42.0 0.389 N f Overcast—rain and snow with brisk

29.542 45.7 38
1 wind A.M.

? 2 29.372 45.6 38.7 39.8 36.2 39.8 0.250 E Rain—brisk wind.

h 3 29.218 44.3 29.519 45.8 39 39.3 40.0 36.3 40.0 0.583 N A.M. Rain. P.M. Overcast—brisk wind.

O 4 30.112 42.3 30.152 45.7 29 35.3 41.8 30.7 42.3 0.014 NNW Fine—lightly cloudy.

J 5 30.188 40.7 30.085 45.0 29 34.6 46.2 29.7 46.2 N A.M. Overcast. P.M. Fine.

<J 6 29.778 43.4 29.751 47.5 31 41.3 56.0 31.4 57.3 W Fine and cloudless—light haze.

5 7 29.878 48.3 29.828 51.8 42 48.4 54.2 40.3 54.7 ssw Overcast—light wind.

on s 29.620 51.3 29.552 55.0 45 53.3 62.2 45.3 64.3 ESE Fine—light clouds.

? 9 29.433 57.2 29.428 60.6 50 57.4 62.3 48.4 62.7 SSW Fine and clear—light clouds and wind.

h 10 29.479 51.7 29’555 57.8 48 49.6 54.6 45.3 58.7 0.283 w A.M. Cloudy. P.M. Fine—showers.

oil 29.619 55.9 29.613 58.3 44 52.7 56.6 45.6 56.6 0.008 SSW Fine and clear—cloudy—light showers.

D 12 29.451 54.7 29.492 57.2 52 53.8 54.8 46.8 57.4 0.167 NNW Cloudy—showers

.

<? 13 29.773 56.3 29.856 57.5 46 53.7 57.0 43.3 57.7 w Fine and clear—light brisk wind.

5 14 30.040 53.5 29.977 58.7 44 52.4 60.2 43.2 61.6 w Fine—lightly cloudy.

n 15 29.792 55.3 29.708 58.2 50 53.4 58.5 49.4 59.2 s Overcast.

? 16 29.674 58.4 29.698 61.0 56 58.5 61.4 51.3 63.3 0.042 wsw Lightly cloudy—light rain P.M.

h U 29.686 59.2 29.653 61.2 52 56.6 58.6 52.3 61.6 0.008 ssw Lowering—light brisk wind.

©18 29.860 60.3 29.837 60.6 45 54.0 60.4 44.6 61.6 0.075 w Fine and clear—light clouds,

r Overcast— brisk wind. At 4 P.M.

D 19 29.635 53.7 29.637 59.3 43 52.9 55.6 47.3 59.7 NNW 4 thunder and lightning with heavy
C rain and hail.

<? 20 29.732 53.8 29.766 57.4 50 50.7 55.2 43.2 58.4 0.133 w Overcast—rain A.M.

5 21 29.898 53.6 29.779 57.8 51 51.2 55.2 43.7 58.6 0.022 wsw Overcast—light rain.

9V22

? 23

29.567 55.7 52 54.0 50.7 56.7

57.3

wsw Overcast.

29.305 58.5 29.257 60.5 55 55.7 55.5 52.3 ssw Light rain—strong high wind at night.

h 24 52 0.022
f A.M. Rain. P.M. Fine and clear.

29.242 56.9 29.470 59.2 52.3 55.3 49.3 57.7 wsw \ Brisk wind.

025 30.017 55.3 30.098 59.3 40 51.7 58.7 40.8 62.5 0.025 w Fine and clear—cloudy.

J 26 30.221 58.6 30.210 60.6 50 56.6 61.8 47.2 64.4 ssw Fine and clear—light clouds.

<J 27 30.247 58.6 30.196 61.1 42 57.9 62.8 44.6 63.6 SSE Very clear and cloudless—light wind.

9 28 30.139 59.7 30.078 61.6 50 59.4 64.4 46.6 67.3 ESE Very clear and cloudless—brisk wind.

U 29 30.028 63.7 29.921 66.2 50 62.7 69.5 51.3 70.7 ESE Very clear and cloudless—light wind.

? 30 29.885 65.3 29.849 68.9 54 64.6 70.0 52.3 72.0 E Very clear and cloudless—light wind.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.758 53.8 29.760 56.8 45.5 51.3 56.2 44.1 57.9 2.021

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr
9 A.M.
20.707

3 P. M.
29.701

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2$ in.

above the mean level of the Sea (presumed about) =95 feet.

Tlie External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers arc graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR MAY, 1830

9 o’clock, A.M. 3 o’clock, P.M. Dew External Thermometer.

1830.

May.

Point a Rain, ii Direction

Barom.
Attach
Therm. Barom.

Attach
Therm

9 A.M.
in de-

grees ol

Fahrenheit. Self-registering.
inches
Read of

of the
F Wind at
. 9 A.M.

Remarks.

Fahr. 9 A.M. 3 P.M. Lowest Highest

h 1 30.002 67.3 30.005 66.3 48 59.6 62.6 52.4 66.7 sw f Fine and clear—light clouds and brisk

X wind.

G 2 30.152 65.7 30.128 64.5 46 59.0 64.5 46.7 66.4 w Fine and clear—light clouds.

D 3 30.217 58.8 30.180 61.7 40 55.3 60.4 45.7 61.7 N Fine—cloudy.

a 4 30.171 60.3 30.125 62.2 47 57.6 62.8 43.7 63.7 E / Very clear and cloudless—light brisk

t wind.

5 5 30.087 60.7 30.107 63.6 49 60.4 68.8 46.4 71.6 E Fine and clear—light brisk wind.

% 6 29.933 65.5 29.824 68.2 58 66.5 73.4 55.7 77.3 NNE Fine—cloudy.

O ? 7 29.631 69.6 29.565 71.6 67 69.3 72.0 58.3 75.7 ESE Fine and clear—cloudy.

h 8 29.597 68.3 29.504 66.3 55 65.3 60.2 54.7 67.3 ESE A.M. Fine. P.M. Heavy showers.

G 9 29.332 63.1 29.312 62.3 51 54.7 53.6 52.7 53.8 0.264 SSW Lowering—light rain.

5 10 29.411 58.7 29.511 60.4 47 51.7 51.8 47.8 55.7 0.217 wsw Overcast—light rain.

a ii 29.699 53.7 29.732 56.3 42 47.6 50.8 42.6 51.6 0.061 N Overcast.

5 12 29.781 52.8 29.805 57.4 44 48.4 53.5 43.3 56.4 NNE Overcast—showery.

n- 13 29.953 53.7 30.023 55.2 45 48.6 53.0 45.5 53.7 0.012 N Overcast—light wind.

? 14 30.181 53.8 30.142 56.8 44 48.8 54.5 42.7 55.7 N Fine—light clouds.

\ 15 30.219 56.7 30.224 61.5 46 55.7 63.0 46.3 64.7 SSW Fine—lightly cloudy.

G 16 30.329 63.7 30.292 64.2 45 60.0 68.3 45.7 69.2 SW Fine and clear—light clouds.

D 17 30.240 64.2 30.175 66.2 53 64.6 73.0 52.6 75.0 WSW Fine and clear.

a is 30.058

29.931

67.3

71.3

29.969

29.920

68.8

68.8

48

48

67.3 73.4 56.3

51.3

74.7

69.3

SSW Fine and clear—light clouds.

5 19 63.6 65.6 WNW \ overcast.

V- 20 29.977 70.7 29.940 70.8 52 68.6 64.6 55.7 69.5 ESE Fine and clear—light clouds.

? 21 29.834 65.7 29.821 67.0 50 62.0 62.8 51.7 65.4 E f Fine and clear—thunder and lightning

l at night.

9 h 22 29.810 61.5 29.914 66.8 51 57.8 64.3 50.2 65.2 0.361 SSW A.M. Overcast. P.M. Fine and clear.

G 23 29.906 65.8 29.834 67.7 54 63.0 63.8 51.6 68.5 E r Clear—cloudy. At 4| P.M. violent

t storm during 40 minutes.

3 24 29.680 64.7 29.740 68.4 60 64.0 66.8 55.7 68.3 0.489 ESE Fine—cloudy—heavy rain at 6 A.M.

a 25 29.660 72.3 29.581 69.6 53 66.4 65.2 52.4 69.5 S Overcast—light clouds.

$ 26 29.445 64.8 29.449 66.2 51 59.7 59.8 53.3 63.9 0.347 W A.M. Fine. P.M. Rain.

71- 27 29.525 62.3 29.554 65.8 46 56.6 60.5 49.7 61.7 0.069 W var. Fine—cloudy.

$ 28 29.841 59.7 29.941 62.2 47 52.9 53.5 50.3 58.3 NNW Cloudy and showery.

h 29 30.104 66.3 30.048 64.6 41 58.4 63.5 47.8 66.0 0.022 NW Fine—lightly overcast.

G30 29.803 60.6 29.769 63.6 52 56.0 59.7 52.3 60.3 0.144 SW Broken clouds. Rain A.M.

3 31 29.901 66.0 29.978 64.2 49 59.4 61.8 48.6 63.3 0.111 WSW Fine—cloudy.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.884 63.1 29.875 64.5 49.3 59.0 62.3 50.0 64.8 2.097

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
i 9 A.M.

1

) 29.808

3 P.M. I

29.796 J

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge... =83 feet 24 in.

above the mean level of the Sea (presumed about) =95 feet.

The External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR JUNE, 1830

9 o'clock, A.M. S o’clock, P.M. Dow External Thermometer.

1830.

June.

Point at Rain, in Direction

Barom.
Attach.
Therm. Barom.

Attach.
Therm.

9 A.M.
in dc-

grecs of

Fahrenheit. Self-registering.
inches.
Read off'

at9A.M.

of the
Wind at

9 A.M.

Remarks.

Fahr. 9 A.M. 3 P.M. Lowest. Highest.

3 1 30.054 61.8 30.071 64.3 48 60.0 61.8 54.2 65.3 wsw Fine—lightly cloudy.

? 2 30.161 63.7 30.113 65.8 49 59.7 67.2 49.3 69.3 ssw Fine—light clouds.

V- 3 29.807 64.6 29.612 62.8 53 61.6 60.5 53.5 62.3 0.125 SSE Cloudy. Lightrainwith unsteady wind.

? 4 29.620 59.6 29.789 62.8 51 54.3 58.5 51.7 60.4 0.581 sw Lowering—light brisk wind.
'

h 5 30.036 65.4 30.002 65.0 53 58.5 66.5 48.6 68.3 w Lightly overcast.

OO 6 30.036 70.7 29.963 68.0 50 65.3 66.5 52.8 69.6 sw Clear—cloudy.

I) 7 29.908 63.7 29.900 67.2 55 59.5 60.5 54.5 64.2 0.108 ssw Overcast—light rain.

3 8 30.045 62.5 30.065 64.3 50 55.7 58.9 52.3 59.7 0.019 N Lightly overcast.

5 9 30.070 59.4 30.024 60.8 51 53.7 56.5 51.3 57.5 N Overcast—Rain P.M.

V- 10 30.006 57.7 29.986 60.2 52 52.6 56.8 49.7 59.8 0.042 NNW Overcast—Light rain P.M,

? 11 30.002 66.7 29.977 65.8 53 59.8 63.4 49.8 65.7 0.033 W Lightly overcast.

h 12 29.751 62.0 29.735 64.8 58 58.3 64.2 55.3 65.3 0.125 ssw r A.M. Light rain. P.M. Fine—light
t clouds.

©13 29.784 61.7 29.739 64.2 46 58.4 58.8 47.7 64.3 w Fine—showery. Thunder at noon.

]) 14 29.688 59.3 29.637 63.2 46 56.3 58.0 51.6 62.7 0.125 NNW Overcast—Light rain P.M.

3 15 29.688 63.7 29.708 61.0 46 55.0 56.5 48.3 59.7 0.278 N Fine—light clouds and wind.

5 16 29.671 58.3 29.783 61.8 50 53.7 59.6 49.2 61.3 NE A.M. Overcast. P.M. Fine.

V 17 29.921 55.8 29.930 59.2 42 51.2 54.5 47.3 57.6 0.250 N Overcast—light brisk wind—Rain P.M.

$ 18 29.838 59.4 29.756 63.0 52 57.7 60.4 46.7 63.6 wsw A.M. Fine. P.M. Overcast—light rain.

h 19 29.658 64.6 29.693 64.5 40 57.3 62.8 49.7 64.7 0.097 NNW Fine and clear—light clouds.

® O 20 29.652 71.2 29.655 66.4 44 59.5 66.6 50.3 67.4 0.019 W Fine and clear—lightly cloudy.

D 21 29.549 70.3 29.479 66.8 54 60.4 62.6 52.7 65.7 NE A.M. Fine. P.M. Overcast.

3 22 29.407 58.7 29.523 60.5 51 51.3 56.4 48.7 59.3 0.050 N Overcast—light rain A.M.

5 23 29.884 66.4 29.879 62.5 42 58.3 61.6 46.6 64.3 NNW Fine—lightly overcast.

V- 24 29.914 68.7 29.898 66.2 52 62.7 63.8 52.3 67.5 ESE A.M. Fine. P.M. Lightly overcast.

? 25 29.773 62.3 29.727 66.3 60 60.5 65.8 56.6 67.4 0.222 E Overcast.

h 26 29.691 66.7 29.760 70.5 60 66.4 72.4 60.8 73.8 0.017 SSW Fine—cloudy.

027 29.849 69.8 29.846 71.7 57 67.8 73.8 58.3 76.7 SE Fine and very clear—light clouds.

D 28 29.888 70.3 29.842 71.2 60 66.7 69.4 60.3 72.6 SSW Clear—cloudy—brisk wind.

3 29 29.898 72.6 29.939 72.5 57 68.6 71.4 58.8 73.2 w Fine and clear—light clouds.

5 30 30.060 73.7 30.045 70.6 57 65.5 69.0 53.4 69.7 NNW Fine and clear—cloudy.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.844 64.4 29.836 65.1 51.3 59.2 62.8 52.0 65.2 2.091

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr
|
29^65* 29.756' }

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge

above the mean level of the Sea (presumed about)

Tlie external Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House

The hout of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit's Scale.

The Barometer is divided into inches and decimals.

= 83 feet 2$ in.

= 95 feet.

= 79 feet 0 in.
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METEOROLOGICAL JOURNAL FOR JULY, 1829

9 o’clock, A.M. 3 o’clock P.M. External Thermometer.

1829.

July.

Point at Rain, in Direction

Barom.
Attach.
Therm. Barom.

Attach.
Therm.

9 A.M.
in de-

grees of

Fahrenheit. Self-registering.
inches.

Read off

at9A.M.

of the
Wind at

9 A.M.

Remarks.

Fahr. 9 A.M. 3 P.M. Lowest. Highest.

©5 i 29.647 65.3 29.513 66.9 55 59.7 61.8 57.6 65.5 0.292 SSE Overcast—rain.

V- 2 29.587 73.5 29.631 68.7 51 64.6 66.7 55.7 68.7 0.097 SSW Fine and clear—brisk wind.

? 3 29.609 67.8 29.477 67.7 56 64.5 62.8 57.0 67.8 SSE f Cloudy—showery. Rain, with high
\ wind, at night.

h 4 29.631 73.5 29.573 67.8 50 63.5 58.7 52.8 68.6 0.036 wsw A.M. Fine and clear. P.M. Overcast.

O 5 29.585 63.1 29.660 67.1 51 58.4 60.7 50.7 66.7 0.089 w Cloudy. Evening fine and clear.

D 6 29.876 69.7 29.893 69.3 55 66.0 69.7 52.8 71.7 0.125 w Fine and clear—light wind.

2 7 29.878 65.7 29.741 65.9 60 60.7 60.7 55.8 67.7 0.042 wsw Overcast—brisk wind. Rain.

06XH 29.834 70.3 29.786 70.7 55 67.3 69.3 55.8 71.7 0.044 NW Fine—light clouds.

V- 9 29.741 67.7 29.809 68.3 51 63.2 65.7 56.7 67.7 NW Fine—cloudy.

? 10 29.913 70.6 29.817 70.2 50 66.7 65.0 53.4 68.8 sw f A.M. Fine. P.M. Lowering. Even-
l ing, rain.

h ii 29.556 66.4 29.485 67.1 61 62.3 61.6 58.9 65.8 0.022 SSE Lowering. P.M. Heavy rain.

©12 29.422 67.7 29.497 69.0 62 63.7 68.0 56.7 69.2 0.514 WSW Fine and clear—cloudy.

D 13 29.658 66.3 29.733 70.3 60 63.7 68.5 56.4 69.5 0.100 SSW Lowering.

2 14 29.889 69.2 29.861 70.3 66 66.4 68.7 62.8 73.7 SSW Cloudy. Heavy rain A.M.

£ 15 30.014 74.6 29.982 73.0 60 68.7 73.5 58.3 74.7 0.125 w Fine and clear—light clouds.

o n 16 29.947 74.3 29.958 72.9 56 66.9 69.5 57.8 73.2 w Fine. Heavy showers P.M.

? 17 29.910 68.3 29.683 68.0 60 64.1 60.3 56.4 64.8 0.125 SSE Lowering—light wind. Rain P.M.

h 18 29.562 68.7 29.589 70.3 64 64,3 66.7 59.7 69.8 0.239 SE f A.M. Lowering—heavy showers. P.M.
1 Fine.

©19 29.785 70.2 29.867 71.7 60 65.9 66.4 59.8 70.2 0.322 NW Fine—lightly cloudy.

D 20 30.097 73.0 30.088 71.3 54 66.3 70.6 51.7 71.1 0.047 NW Fine and clear.

2 21 30.254 72.3 30.238 71.6 57 66.9 73.8 54.0 74.7 WSW Fine—light clouds.

? 22 30.260 74.3 30.205 73.7 62 69.8 76.2 59.3 78.3 w Fine and clear—cloudy.

71 23 30.187 68.7 30.153 72.4 62 63.7 71.4 60.7 73.3 w A.M. Overcast. P.M. Fine.

? 24 30.030 75.2 29.954 74.3 66 68.0 71.7 59.3 72.0 E Fine—cloudy.

h 25 29.873 70.6 29.897 74.5 65 65.8 74.6 64.2 75.4 0.183 WSW f A.M. Thunder and lightning, from
t lh to 2h, with hail and rain.

©26 30.028 65.3 30.060 65.6 57 57.8 58.9 56.0 60.6 N Overcast. Shower at noon.

D 27 30.101 65.1 30.102 66.9 56 59.3 64.0 48.7 66.8 o.oos NNE Fine—light clouds.

2 28 30.098 70.7 29.999 67.7 51 66.3 67.9 51.7 70.3 WSW Fine and clear.

5 29 29.642 64.2 29.664 68.0 59 60.1 69.2 58.4 69-7 0.153 SE A.M. Showers, early. Fine—cloudy.

© 7k 30 29.748 69.6 29.755 69.3 53 64.3 67.7 51.5 69.7 NNE r Fine— light clouds. Thunder and
t lightning at 4 P.M. with heavy rain.

? 31 29.977 60.7 30.070 66.7 58 58.5 64.0 52.3 65.3 0.347 NNW A .M. Cloudy. P.M. Clear—brisk wind.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.850 69.1 29.830 69.6 57.5 64.1 66.9 56.2 69.8 2.910

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
,

9 A.M.
29.760

3 P.M.
29.737

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2|- in.

above the mean level of the Sea (presumed about) =95 feet.

The External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR AUGUST, 1829

9 o’clock, A.M. S o’clock, P.M. Dew External Thermometer.

1829.
Point at Rain, in Direction

9 A.M. inches. of the Remarks.
Barom.

Attach.
Therm. Barom.

Attach. in de- rahrenheit. belt-registering. Read oft' Wind at

9 A.M.August. Therm. grees of at9A.M.
Fahr. 9 A.M. 3 P.M. Lowest,

j

Highest.

h 1 30.248 67.5 30.242 67.6 63 63.3 66.0 51.3 68.7 NNW f A.M. Fine and clear. P.M. Lowering
t —distant thunder.

G 0 30.289 66.7 30.262 68.7 57 65.7 72.7 54.3 73.7 W Fine and clear—light clouds and wind.

3> 3 30.122 66.8 29.965 66.7 59 65.5 63.0 57.7 67.7 SW var. Rain—light brisk wind.

3 4 29.828 67.8 29.791 66.8 55 61.0 62.6 50.7 64.4 0.183 W Cloudy—brisk wind. Showery P.M.

5 5 29.912 63.7 30.010 66.7 57 61.8 65.9 53.8 65.8 0.039 NNW ( Fine—light clouds and breeze. P.M.
1 Cloudy.

V t> 30.078 64.0 30.070 6S.2 60 62.7 66.7 54.3 69.4 W Lowering.

9 7 30.184 64.7 30.207 68.9 61 61.7 70.6 60.3 71.7 0.114 E A.M. Light rain, early. P.M. Fine.

u 8 30.240 68.4 30.1 S8 71.4 64 67.0 76.5 58.7 76.5 E Fine and clear—light clouds.

O 9 30.115 67.4 30.041 71.2 66 66.3 71.2 57.6 71.7 ssw r A.M. Cloudy. P.M. Clear— light

1 clouds. Breeze.

]> 10 29.935 66.2 29.921 69.3 60 60.7 69.3 60.5 70.2 0.406 w f A.M. Heavy rain, early. P.M. Fine
l and clear.

3 11 30.123 64.7 30.144 67.4 53 61.7 67.7 54.8 69.3 0.112 w Fine—light clouds.

9 12 30.137 65.8 30.065 69.4

'

61 65.7 70.7 58.3 71.8 s Fine and clear—light wind.

n 13 29.778 66.3 29.728 69.7 66 66.2 67.3 61.4 72.8 ssw / A.M. Fine. P.M. Lowering. Light
\ wind.

o ? 14 29.505 65.7 29.452 68.2 64 64.4 68.2 61.3 69.8 0.097 SE Cloudy—heavy rain.

h 15 29.577 60.8 29.628 61.8 56 56.5 57.8 53.3 60.4 0.180 W var. Rain. Light brisk wind.

0 18 29.967 58.7 30.053 61.7 54 57.6 61.0 51.0 62.6 0.292 NNW Fine and clear—cloudy. Brisk wind.

D 17 30.180 56.8 30.155 63.7 51 57.0 65.3 46.7 66.4 W [ A.M. Fine & cloudless. P.M. Broken
l clouds.

3 18 29.847 59.3 29.753 62.7 58 58.3 62.4 55.4 64.3 0.092 SSW Overcast—rain. Light wind.

9 19 29.526 63.7 29.476 65.3 60 63.7 66.3 58.0 67.3 0.147 wsw Fine and clear—cloudy. Showery P.M.

V 20 292284 60.7 29.500 62.7 59 59.7 61.3 55.7 63.3 0.083 ssw Rain. Evening clear.

? 21 29.841 60.0 29.902 62.3 52 63.3 62.6 51.8 63.3 0.114 NNW Fine—light clouds.

h 22 29.924 58.7 29.791 62.3 53 59.3 61.4 52.2 63.4 s / Cloudy. At night, strong high wind
l with heavy rain.

O 23 29.514 63.8 29.504 67.5 63 63.0 66.2 59.5 68.3 0.286 ssw Cloudy—brisk wind. Rain A.M.

D 24 29.347 63.3 29.525 63.6 59 60.4 62.7 59.3 62.9 0.128 w Lightly cloudy and showery.

3 25 29.922 58.7 29.999 62.3 52 58.0 62.5 49.7 63.4 0.161 wsw Fine and clear—brisk wind.

9 2f> 30.060 59.6 29.914 62.6 57 59.3 61.2 51.3 62.7 s Cloudy. At night, strong wind.

V 27 29.626 62.4 29.560 63.3 4S 60.4 60.9 57.8 65.7 0.008 wsw Fine and clear. Evening, brisk wind.

? 28 29.521 58.4 29.650 61.6 56 58.4 60.3 53.8 61.0 0.272 NW t Light clouds and brisk wind. At
t night, rain and strong wind.

© h 29 29.918 60.0 30.499 64.3 59 59.0 64.0 54.7 64.2 0.125 N Clear—light clouds—strong brisk wind.

O 30 30.193 57.2 30.173 61.0 52 55.7 61.3 52.3 62.3 NNW Fine and clear—light wind.

3) 31 30.100 56.7 30.068 60.7 56 56.3 59.7 53.3 60.7 NNW Cloudy—light wind.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.898 62.7 29.911 655 57.8 61.3 65.0 55.2 66.6 2.839

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
!) A.M.
29.823

3 P.M. )

29.828 J

OBSERVANDA.
Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =-83 feet 24 in.

above the mean level of the Sea (presumed about) =95 feet.

Ini Externa! 'Hu rinometer is 2 feet higher than the Barometer Cistern.

Height of the lb reiver of the Bain Gauge above the Court of Somerset House =79 feet 0 in.

File hours of ole-ervation arc of Mean Time, the day beginning at Midnight,

flic Thermometers are graduated by Fahrenheit’s Scale.

Fhe Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR SEPTEMBER, 1829

9 o’clock , A.M. 3 o’clock, P.M. Dew External Thermometer.

1829.

Septemb.

Point at Rain, ir Direction

Barom.
Attach.
Therm. Barom.

Attach.
Therm.

9 A.M.
in de-

grees of
Fahr.

Fahrenheit. Self-registering.
inches.
Read ofl

at9A.M

of the
Wind at

9 A.M.

Remarks.

9 A.M. 3 P.M. Lowest. Highest

S 1 29.998 58.3 29.965 64.0 57 57.4 63.5 54.3 64.2 0.044 NNE
|
Cloudy—light wind. Evening, light

5 2 29.955 60.6 29.980 65.6 59 59.7 63.8 56.4 66.5 0.008 NNW Cloudy and foggy. Evening clear.

¥ 3 30.176 57.4 30.510 61.3 49 55.3 62.4 52.2 63.2 NW Fine and clear—lightly cloudy.

? 4 30.009 58.0 29.945 61.7 50 56.6 62.0 53.6 63.3 W Fine and clear—cloudy.

h 5 29.712 58.2 29.581 62.0 56 58.3 60.3 51.9 63.5 SSE f Overcast—light wind. At night, light

\ rain.

O 6 29.531 61.7 29.499 63.8 59 60.8 63.3 54.8 65.2 0.005 WSW Fine—lightly overcast.

D 7 29.663 59.8 29.658 64.3 54 58.5 63.7 52.3 64.3 ? S
f Fine and clear—light clouds. Showery
l P.M.

GO 29.496 61.3 29.563 63.4 59 61.3 60.7 54.4 65.2 ? S var.
f Heavy rain, early A.M. Fine and
\ clear—brisk wind.

5 9 29.671 59.7 29.682 64.2 55 58.7 64.2 52.7 65.5 0.389? WSW Fine and clear—light wind.

if. 10 29.387 62.7 29.357 66.5 61 62.0 66.7 58.8 66.7 0.389? SE f A.M. Cloudy. P.M. Fine and clear.

1 Light brisk wind.

? 11 29.606 60.0 29.689 64.6 55 59.4 62.8 55.4 65.2 9 WSW Fine and clear. Evening rainy.

h 12 29.663 59.2 29.630 63.3 54 57.3 60.3 50.3 63.7 0.203 w Fineand clear—cloudy. Light showers.

0 013 29.565 56.0 29.442 62.4 53 55.7 61.4 47.5 62.7 0.011 ssw Fine and clear. Heavy rain at night.

D 14 29.208 57.3 29.300 61.6 48 54.4 56.6 52.4 61.6 0.556 w A.M. Fine. P.M. Showery.

<? 15 29.668 53.7 29.765 60.4 45 53.0 59.1 44.9 61.3 0.050 w /Very clear. P.M. Showery: at 4h.
1 thunder and lightning.

5 16 29.561 54.7 29.535 57.2 52 52.5 54.7 49.5 54.7 0.408 N Foggy. Light brisk wind.

if. 17 29.868 55.3 29.807 59.2 50 50.6 57.9 44.8 58.3 0.033 WNW Overcast. At night, rain.

? 18 29.175 56.7 29.161 61.2 56 56.7 59.7 45.0 63.8 0.389 ESE Fine—lightly cloudy.

h 19 29.472 56.7 29.631 56.8 54 54.5 55.2 51.7 56.7 NW Overcast.

©20 29.929 55.9 29.898 58.7 51 51.7 58.4 45.7 58.8 0.089 NW Fine—light clouds.

D 21 29.761 56.7 29.798 61.3 54 56.4 61.0 51.4 62.3 0.011 W Fine and clear—light clouds.

$ 22 29.880 55.7 29.812 60.5 53 55.7 60.0 48.4 61.4 0.056 WSW Fine—lightly cloudy.

$ 23 29.834 56.7 29.844 60.6 53 53.9 59.4 51.2 62.7 0.019 WSW Fine—hazy.

If. 24 29.957 55.7 29.913 59.6 51 53.7 58.2 51.6 59.7 WSW A.M. Strong haze. P.M. Fine.

? 25 30.125 53.7 30.146 58.7 53 52.7 58.4 48.3 58.8 N Fine. Strong fog at night.

11 26 30.232 51.6 30.168 59.4 49 51.2 59.3 46.2 62.0 N Strong haze.

©27 29.892 60.7 29.797 61.3 58 61.8 60.3 50.4 62.0 WSW f Fineand clear—light wind. Showers
l at noon.

© 5 28 29.876 52.9 29.873 58.0 46 51.4 54.2 46.3 56.7 0.044 NW Fine—light clouds.

<? 29 29.983 51.0 29.986 54.6 42 48.6 54.0 44.3 54.3 N Fine—light clouds.

$ 30 30.213 50.2 30.212 54.8 43 44.3 54.2 42.4 54.3 N A.M. Strong fog. P.M. Fine & clear.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.769 56.9 29.772 61.0 52.6 55.5 59.8 50.3 61.6 2.704?

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
'9 A.M.
29.709

3 P.M. I

29.702 )

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2J in.

above the mean level of the Sea (presumed about) =95 feet.

The External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR OCTOBER, 1829

9 o’clock, A.M. 3 o'clock P.M. Dew External Thermometer.

1829.
Point at Rain, in Direction

Remarks.9 A.M. inches. cl the

Barom.
Attach.

Barom.
Attach. in de-

grees of

Fahrenheit. Self-registering. Read off Wind at

October. it9A.M. 9 A.M.
Fa hr. 9 A.M. 3 P.M. Lowest. Highest.

V 1 30.252 52.0 30.220 58.8 51 53.0 59.6 43.6 59.7 ENE Fine—light brisk wind.

? 2 30.040 56.7 29.966 58.6 53 57.4 57.8 51.9 58.8 E Overcast—showery. Brisk wind A.M.

29.8-10 58.9 29.788 58.6 55 58.8 56.8 54.3 58.8 0.131 SSW Overcast. Heavy showers P.M.

O 4 29.968 53.6 29.961 58.4 52 53.0 57.7 47.7 58.3 0.444 W A.M. Fine. P.M. overcast.

1) 5 29.571 56.7 29.570 59.1 54 54.8 56.8 52.7 59.4 0.056 W A.M. Rain. P.M. Fine,

6 6 29.670 51.4 29.675 54.2 46 50'2 52.5 44.6 53.4 0.072 NW Fine—light haze.

5 1 29.509 49.0 29.443 40.2 38 46.5 37.4 42.3 46.5 W Overcast. Rain and snow P.M.

V 8 29.808 43.8 29.921 46.9 27 39.5 47.5 33.3 47.5 0.606 w r Fine and cloudless. A.M. Strong wind
l early.

? 9 30.203 41.8 30.229 47.5 31 40.3 47.0 34.3 47.0 NW Fine and cloudless—hazy.

h 10 30.432 44.0 30.428 50.4 41 43.7 54.7 Si)./ 56.0 WSW Overcast and hazy.

on 30.317 51.7 30.211 55.1 49 52.6 57.7 43.0 57.7 w Cloudy—light wind.

O i) 12 30.152 54.7 30.138 56.2 48 54.7 56.2 52.2 56.3 NW A.M. Cloudy. P.M. Fine.

6 13 30.033 55.2 29.873 57.2 49 55.4 56.8 50.3 57.5 SW Lightly cloudy.

5 14 29.420 56.7 29.578 51.0 51 52.8 48.8 52.3 52.8 0.078 NNW Cloudy—light rain.

U 15 30.227 43.7 30.259 48.8 34 41.7 48.5 37.3 47.7 0.025 N var Fine and cloudless—hazy.

? 16 30.075 48.6 29.944 51.4 39 47.3 51.0 39.5 54.1 SSW Overcast.

h 17 30.047 52.3 30.119 55.5 45 51.3 55.4 46.8 55.7 NW Fine—light breeze.

©18 30.127 55.3 30.129 59.0 54 56.0 61.1 50.8 61.4 WSW f A.M. Cloudy. P.M. Cloudless—light
l wind.

D 19 30.080 57.7 30.050 60.8 57 58.2 59.8 53.3 60.5 SW A.M. Cloudy. P.M. Clear—light clouds.

<? 20 29.873 58.8 29.808 60.5 56 57.5 59.4 55.5 60.2 SW Clear—light clouds.

$ 21 29.805 57.0 29.703 58.6 53 53.8 57.0 4S.3 57.7 0.017 S
f A.M. Clear & cloudless. P.M. Cloudy.
1 Evening rainy.

V 22 29.658 54.4 29.728 55.1 42 51.4 53.0 48.6 53.7 0.100 w A.M. Cloudy. P.M. Fine.

? 23 29.955 49.7 29.934 51.6 41 44.8 49.8 41.7 49.8 0.019 NNW Fine—hazy.

h 24 29.957 46.7 29.913 51.5 43 45.7 51.2 39.8 51.2 NNE Fine—light clouds.

©25 30.141 45.4 30.197 52.8 42 44.3 51.8 40.2 51.8 NNW Fine—hazy.

1) 26 30.350 50.0 30.344 51.5 48 48.7 51.0 43.7 50.7 NNE Hazy.

0 3 27 30.397 46.3 30.322 49.5 41 41.7 49.5 40.2 49.7 NNW A.M. Foggy. P.M. Cloudless—hazy.

9 28 30.245 50.8 30.278 51.2 48 48.6 48.6 41.3 49.7 NNE Clear—light clouds and wind.

U 29 30.347 43.7 30.275 47.5 36 42.1 45.4 39.2 45.4 NNE Fine—hazy.

? 30 30.092 46.7 30.499 53.0 43 46.3 52.2 39.9 53.1 WSW Lightly cloudy—hazy. Rain P.M.

h 31 29.917 51.7 29.990 45.7 44 46.9 49.8 45.4 49.8 NNE r A M. Overcast. P.M. Clear—light

\ clouds.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

30.016 51.1 30.016 53.4 45.5 49.6 53.0 44.8 53.9 1.548

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Falir
!) A.M.
29.971

3 P
29

>.M. 1

905 /

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2$ in.

above the mean level of the Sea (presumed about) =95 feet.

The External Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

The hours of observation arc of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.



METEOROLOGICAL JOURNAL FOR NOVEMBER, 1829

9 o’clock, A.M. 3 o’clock, P.M. Dew External Thermometer.

1829.
Point at Rain, in Direction
9 A.M. inches. of the Remarks.

Barom.
Attach.

Barom.
Attach. in de- Tanrenneit. belt-registering. Read off Wind at

Therm. Therm. grees of at 9A.M. 9 A.M.
Novem. Fahr. 9 A.M. 3 P.M. Lowest. Highest.

O 1 30.157 43.8 30.171 44.5 27 35.7 41.8 31.7 41.8 0.025 NW Cloudless—hazy.

D 2 30.196 41.7 30.212 46.8 36 39.3 47.2 32.8 47.2 wsw Fine—hazy.

5 3 30.209 45.9 30.132 47.6 38 43.6 47.2 38.3 47.3 wsw Lightly cloudy—hazy.

5 4 29.803 48.7 29.647 51.0 45 48.2 50.8 43.0 51.3 s Overcast and foggy. Rain P.M.

v 5 29.967 48.8 30.267 51.5 43 43.2 50.4 39.7 50.4 0.131 w Nearly cloudless.

? 6 29.978 50.0 29.877 53.6 45 48.3 52.0 42.3 52.7 wsw Lightly cloudy—hazy.

h 7 29.908 49.3 29.884 51.2 42 45.2 48.8 42.8 48.8 0.011 WNW Nearly cloudless—hazy.

O 8 30.017 42.5 30.015 49.6 38 38.5 47.0 34.6 46.6 wsw Fine—lightly cloudy—light wind.

D 9 30.046 47.7 30.081 49.6 43 43.8 48.4 37.4 48.4 w Fine—lightly cloudy—light wind.

«J io 30.007 48.4 29.866 51.2 43 43.3 49.5 43.3 52.4 ssw Lightly cloudy.

0 5 11 29.964 48.6 30.018 51.4 42 42.4 48.8 40.3 52.2 w Strong fog.

n 12 29.884 51.6 29.839 55.6 52 52.7 56.4 41.2 56.4 0.278 w Overcast—foggy

.

? 13 30.052 54.6 30.160 52.4 50 50.4 47.0 49.8 50.4 0.006 E Overcast—foggy.

h 14 30.185 51.4 30.117 51.8 43 44.1 46.8 41.4 47.8 0.006 E Overcast—foggy

.

015 29.890 51.8 29.822 53.6 48 48.5 51.8 42.7 51.8 WSW Lightly cloudy. Light rain.

D 16 30.169 46.3 30.247 48.0 31 38.4 41.2 35.4 41.4 0.011 N Clear and cloudless—light wind.

3 17 30.377 42.6 30.314 45.8 34 34.8 41.4 31.3 41.4 NNE A.M. Cloudless. P.M. Light clouds.

$ 18 30.387 43.7 30.388 46.2 38 38.3 41.8 33.8 41.8 NNE Light clouds and haze.

n 19 30.428 39.7 30.364 40.5 32 32.3 35.5 30.3 35.5 NNE Strong fog.

? 20 30.352 39.2 30.300 40.2 30 30.3 36.4 27.5 36.4 NW Very dense fog. Hoar frost A.M.

\ 21 30.286 37.9 30.204 39.8 32 32.4 38.6 26.8 38.6 NW A.M. Strong fog. P.M. Fine.

©22 29.662 39.2 29.477 41.8 38 38.3 42.0 31.3 42.0 SSW Cloudy—light rain.

D 23 29.603 40.7 29.103 42.5 38 40.3 40.8 36.2 41.7 0.064 NNE Light clouds. Rain P.M.

3 24 29.662 40.6 29.016 40.6 33 39.2 38.0 36.4 38.8 0.019 NE Overcast—light brisk wind.

£ 25 29.526 37.2 30.109 37.2 32 31.9 33.0 29.7 36.3 NE Snow.

© 24 26 29.858 38.6 29.796 40.5 36 37.8 39.2 30.3 39.2 0.128 E A.M. Overcast. P.M. Fine.

? 27 29.779 41.9 29.720 42.2 38 38.4 40.4 36.2 40.4 0.014 N f A.M. Strong fog. P.M. Light depo-
X sition.

\ 28 29.751 42.3 29.237 43.7 40 40.0 42.5 36.6 42.5 NNE Foggy.

0 29 29.860 44.0 29.843 45.3 41 41.7 43.7 39.3 43.7 NNE Foggy.

3) 30 29.858 43.7 29.815 44.2 39 40.7 40.0 38.9 40.7 ESE Foggy—light wind.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

29.994 44.7 29-935 46.7 38.9 40.7 44.3 36.7 44.9 0.693

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr.
( 9 A.M.

} 29.966

3 P.M. I

29.902 }

OBSERVANDA.

Height of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge

above the mean level of the Sea (presumed about)

The external Thermometer is 2 feet higher than the Barometer Cistern.

Height of the Receiver of the Rain Gauge above the Court of Somerset House

The hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers are graduated by Fahrenheit’s Scale.

The Barometer is divided into inches and decimals.

= 83 feet 2f in.

= 95 feet.

= 79 feet 0 in.



METEOROLOGICAL JOURNAL FOR DECEMBER, 1829.

9 o’clock, A.M. S o’clock P.M. Dew External Thermometer.

1829.
Point at Rain, in Direction

Barom.
Attach.

Barom.
Attach.

9 A.M.
in do- Fahrenheit. Self-registering.

inches.

Read off

of the
Wind at

Remarks.

Decern. Therm. grees of at9A.M. 3 A>14.
Fahr 9 A.M. 3 P.M. Lowest. Highest.

«? 1 29.817 43.3 29.843 40.4 40 40.1 39.8 38.9 40.7 ESE Light clouds and wind.

5 2 29.753 42.7 29.714 44.2 40 40.6 43.4 38.3 43.4 E Foggy.

y. 3 29.799 43.8 29.995 44.5 41 41.5 42.8 39.8 42.8 ESE Foggy—light wind.

9 4 29.801 44.7 29.842 46.0 44 43.6 44.6 40.4 44.6 ESE Light fog.

h 5 30.272 46.6 30.349 48.2 45 45.5 48.5 42.7 48.5 ESE Foggy.

O 6 30.522 47.3 30.190 46.3 42 42.0 39.7 41.3 42.0 ENE Overcast—light wind.

D 7 30.374 39.7 30.273 40.1 29 32.2 35.2 28.4 35.4 NE Foggy. Hoar frost A.M.

<? 8 30.313 39.8 30.341 39.5 29 35.0 35.4 30.9 35.4 wsw Overcast—light wind.

9 9 30.379 39.3 30.291 38.2 29 33.4 36.0 31.4 36.0 NNE A.M. Foggy. P.M. Fine.

O V 10 30.139 38.2 30.100 38.6 33 35.7 36.2 32.3 36.2 ENE Overcast.

9 11 30.163 40.0 30.151 41.0 31 37.6 39.2 31.7 39.2 SSE A.M. Overcast. P.M. Fine.

h 12 30.ISO 40.6 30.172 42.0 35 38.7 41.2 35.0 42.6 SSW Light clouds and wind.

013 30.230 43.2 30.213 46.4 39 39.7 46.0 37.7 46.0 S Clear and cloudless—light wind.

3) 14 30.304 43.3 30.306 43.8 37 37.0 39.6 35.2 39.6 N Strong fog.

<J 15 30.341 40.0 30.306 40.8 33 33.7 39.6 31.6 39.6 N Fog.

i
? 1G 30.2G8 41.3 30.191 41.2 37 37.0 39.5 32.7 39.5 N f Lightly cloudy. Evening, drizzling

t rain.

y 17 29.985 39.6 29.884 40.6 35 35.3 37.5 34.4 37.5 0.017 NNE Overcast.

? 18 29.G28 40.3 29.672 41.4 35 36.0 38.0 31.8 38.3 NE Cloudy and foggy. A.M. light snow.

h 19 29.8G8 39.3 29.828 40.4 34 35.6 36.5 32.8 37.0 N Light clouds and wind.

020 29.852 37.6 29.877 37.2 26 32.3 33.1 30.7 33.1 N ( Overcast—light wind. A.M. Fall of
l snow, early.

D 21 29.91 S 34.7 29.830 36.0 25 28.3 33.0 26.3 33.0 WSW Foggy. Snow P.M.

S 22 29.721 34.7 29.716 36.8 30 32.3 34.8 27.0 34.8 0.033 E Overcast.

$J 23 29.747 31.6 29.678 32.5 27 31.7 29.0 29.7 31.7 0.044 NNE Overcast—brisk wind.

y 24 29.714 30.8 29.728 31.8 25 27.7 28.9 24.6 30.3 0.008 N Overcast. Snow A.M.

? 25 30.02G 32.9 30.067 33.8 25 29.4 30.6 26.5 30.6 NE Light clouds and wind.

h 2G 302507 30.5 30.330 30.5 22 27.2 28.0 25.6 28.0 N Fine—light clouds.

027 30.403 29.2 30.380 30.8 24 25.8 28.5 25.5 28.5 NE A.M. Fine. P.M. Overcast.

2) 28 30.329 26.5 30.230 28.6 20 20.5 29.8 18.2 29.8 NW Overcast.

e 29 302502 28.0 30.313 28.2 21 24.5 26.5 20.2 27.2 NE Overcast—light fog.

5 30 30.413 28.8 30.419 30.2 20 27.5 30.0 23.8 30.0 S Overcast—light wind.

V- 31 302>00 30.5 30.539 32.4 25 31.0 31.8 27.5 31.8 E A.M. Overcast. P.M. Fine.

Mean Mean Mean Mean Mean Mean Mean Mean Mean Sum

30.109 37.8 30.099 38.5 31.5 31.1 36.2 31.4 36.6 0.102

Monthly Mean of the Barometer, corrected for Capillarity and reduced to 32° Fahr. [
9 A. M.

i 30.098

3 P.M
30.08(1

M-l
36 S

OBSERVANDA.

IF ight of the Cistern of the Barometer above a Fixed Mark on Waterloo Bridge =83 feet 2£ in.

above the mean level of the Sea (presumed about) =95 feet.

'Hi External Thermometer is 2 feet higher than the Barometer Cistern.

1 1 • >;-ht of the Receiver of the Rain Gauge above the Court of Somerset House =79 feet 0 in.

'lli' hours of observation are of Mean Time, the day beginning at Midnight.

The Thermometers arc graduated by Fahrenheit’s Scale.

The Barometer iv divided into inches and decimals.










